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The cold spray technology, which is based on the impacts and depositions of numerous fine solid 
particles accelerated by a supersonic gas flow, is categorized as a thermal spray technique. However, the cold spray 
process is performed below a melting point of the particle material and is therefore, advantageous compared to 
conventional thermal spray techniques. For example, dense and thick metallic coatings can be obtained via the 
cold spray, without undesirable heat effects such as high temperature oxidation and phase transformations, etc. 
Soft metallic coatings such as aluminum (Al) and copper (Cu) and hard metallic alloy coatings such as MCrAlY 
and Ti-6Al-4V are obtained via this technique. The cold spray process is expected not only to replace conventional 
thermal spray technologies, as the preferred method for surface modification of structural components, but also to 
replace conventional welding technologies, as the preferred method for repairing structural components. 
The deposition efficiency of a cold sprayed metallic coating is significantly influenced by the spray 
conditions and the materials. In fact, below a specific velocity, i.e., a critical velocity, particles cannot be deposited 
on a substrate. The critical velocity varies with the type of particle and substrate materials, particle size, particle 
shape, particle and substrate temperatures, surface conditions of particle and substrate and so on. In addition, cold 
sprayed metallic coatings, in particular, sprayed with nitrogen (N2) gas, have, in general, lower tensile strength and 
ductility than the bulk materials. These lower coating properties are mainly attributed to low particle/particle 
interfacial cohesion strength and low particle/substrate interfacial adhesion strength. The use of helium (He) gas 
as a working gas is effective in improvement of the low cohesion and the low adhesion strengths directly associated 
with coating properties of cold sprayed metallic coatings. However, the cost of He gas is much higher than the 
other gas such as N2 or air. Therefore, achievement of high quality metallic coatings sprayed with low cost gas is 
currently attracting attention from various industries and many researchers. 
The mechanism governing the deposition, in particular, the critical velocity of cold sprayed metallic 
particles has been extensively investigated by many researchers. Several numerical analyses using the finite 
element method (FEM) have predicted that adiabatic shear instability resulting from high interfacial temperature 
at a particle/substrate interface contributes to particle deposition. However, surface conditions of particle and 
substrate have not been taken into account in these analyses. Furthermore, several experimental results disagreed 
with the results of the FEM analyses. Therefore, identification of the experimentally evidenced factors governing 
the critical velocity is required to improve particle/particle cohesion strength and particle/substrate adhesion 
strength even by using low cost gas. This research work identifies the factors governing the critical velocity of 
cold sprayed metallic particles by experimental and numerical analyses using a new developed testing system. In 
addition, based on the obtained results, a new post-heat-treatment method to improve particle/particle cohesion 
strength and particle/substrate adhesion strength in cold sprayed metallic coatings is suggested. 
In Chapter 1, background, limitations of the cold spray technology, and objectives of this research work 
are described. 
In Chapter 2, in order to experimentally identify the dominant factors on critical velocities, a single 
particle impact testing system (SPITS), which is a modified single-stage light-gas gun, is developed. The SPITS 
provides well-defined impact conditions of 1-mm-diameter particles. An original particle holder and an original 
launch system with a solenoid valve are designed to improve a maximum particle velocity and to achieve a short 
experimental time and a small gas consumption. In addition, an original stopper system of particle holder is also 
designed to smoothly separate a particle from the original particle holder. Finally, the maximum particle velocity 
of approximately 700 m/s and the continuous velocity range are achieved. 
In Chapter 3, in order to find out the critical velocities of pure Al and pure Cu particles having a diameter 
of 1 mm impacting Al, Cu, nickel (Ni), low carbon steel (S15C), and titanium (Ti) substrates via the SPITS, the 
deposition behaviors at various particle velocities are investigated in detail. A lot of impact tests reveals the strong 
dependences of the deposition behaviors and the critical velocities of the Al and Cu particles on these substrate 
materials. The critical velocities of the Al particles impacting the aforementioned substrates are evaluated to be 
353 m/s, 301 m/s, 296 m/s, 432 m/s, and 500 m/s in this order. The critical velocities of the Cu particles impacting 
the aforementioned substrates are also evaluated to be 559 m/s, 216 m/s, 260 m/s, 282 m/s, and 294 m/s in this 
order. In addition, microstructures of the deposited particles are characterized by cross-sectional scanning electron 
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microscope (SEM) observations. The adhesion areas are hardly formed at the particle/substrate interfaces by the 
near critical velocity impacts. Furthermore, the perfect adhesions are not achieved even at the sufficiently high 
particle velocities. These observations indicate that these imperfect adhesions are one of causes low 
particle/particle cohesion strength and low particle/substrate adhesion strength in cold sprayed metallic coatings. 
In Chapter 4, in order to identify the most dominant factor on the particle deposition, contributions of 
the following four factors, bonding energy (interfacial strength), rebound energy (rebound velocity), plastic 
deformation amounts experienced by particle and substrate, and removability of the natural oxide films on the 
particle and the substrate, to the critical velocities of both Al and Cu particles are investigated in detail. The results 
reveals that the most dominant factor is the removability of the natural oxide film. The high removability of the 
natural oxide films on the Ni and the Cu substrates contributes to the low critical velocities of the Al and the Cu 
particles impacting these substrates. The high critical velocities of the Al and the Cu particles impacting the S15C 
and the Ti substrates are attributed to the relatively low removability of the natural oxide films on these substrates. 
In the case of the Al particle impacting the Al substrate, moderate plastic deformation experienced by the particle 
and the substrate contributes to the low critical velocity regardless of the low removability of the natural oxide 
films. The exceedingly high critical velocity of Cu particle impacting the Al substrate is attributed to the low 
removability of the oxide film, the high rebound velocity, and the insignificant plastic deformation of particle. The 
deposition behaviors of actual cold sprayed particles are expected to depend more strongly on the removability of 
the oxide film on the particles and substrates because of the size effect. 
According to the results obtained in Chapters 3 and 4, following two guidelines for improvement of 
cohesion and adhesion strengths in cold sprayed metallic coatings are given. 
 Reduction of non-adhesion area at particle/particle and particle/substrate interfaces 
 Removal or reduction of oxide films on surfaces of particles and a substrate 
In Chapter 5, according to the guidelines, a pulsed direct electric current heat-treatment (PDH) is 
suggested as a new post-heat-treatment for cold sprayed metallic coatings. The comparison of the microstructures 
and the mechanical properties of cold sprayed Cu coatings treated by the PDH and a conventional annealing heat-
treatment (AHT) reveals the PDH can more effectively enhance the particle/particle cohesion strength than the 
AHT. The PDH will become an effective post-heat-treatment for improvement of mechanical property of cold 
sprayed metallic coatings. 
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 High efficiency operations and minimal energy loss are one of the most important agendas in 
various industrial fields, such as electric power plants, aircrafts and automobiles, etc. The 
structural components in these plants and facilities are exposed to severe environments and 
severe operation conditions. As a result, aging degradations, such as fatigue, creep, oxidation, 
corrosion, erosion, abrasion and so on, which develop on the structural components, are 
inevitable issues. For example, hot section components of a gas turbine in a thermal power plant 
or a jet engine are susceptible to degradation due to high temperature creep, mechanical and 
thermal fatigue stemming from highly frequent start-stop operations, and high temperature 
oxidation, etc. (Fig. 1.1)1), 2). Furthermore, structural components and pipe lines in nuclear 









These damaged components are, in general, repaired, cladded or replaced at the periodic 
inspection. The repair or cladding is usually performed using a welding. However, the welding 
induces undesirable heat effects, such as formations of heat affected zone (HAZ) and fusion 
zone near the welded area, and thermal stress. Welded area, in general, undergoes rapid heat 
cycle; the temperature increases from room temperature to maximum temperature, 
subsequently goes down to room temperature again. As the result, the welded area including 
HAZ has various material characteristics resulting from the heat cycle. Figure 1.2 shows 
transformation of microstructure and associated degradations at welded area3). A welded area 
is rapidly heated up to a melting point of material melts and subsequently solidifies. The 
solidified area has a quite different microstructure from the base material. In addition, 
inhomogeneous distribution of constituent elements takes place in the solidifying process. 
Furthermore, crystal grain coarsening, solution of precipitates for strength enhancement, and 
transformation to high temperature phase are experienced by HAZ in a heat-up process. In a 
cool-down process, transformation to low temperature phase and reprecipitation occur. In a 





Fig. 1.2 Transformation of microstructure and associated degradations at welded area as a 
function of temperature3). 
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These undesirable heat effects cause low performances of repaired components and short life-
times of the facilities. Figure 1.3 shows the crack initiated at the HAZ in a gas turbine blade4). 
The peculiar microstructure and mechanical properties of HAZ induce high crack sensitivity. 
In addition, the application of a welding to repairing is limited by applied materials. The 
weldability of nickel based superalloys, which are usually used for hot section components of 
gas turbines, is shown in Fig. 1.44). A lot of nickel based superalloys are difficult to weld, or 
high welding costs are required. Furthermore, the welding induces a large tensile residual stress 
which causes low fatigue life and deformation of the repaired component5).  
 An advanced new repairing technology which does not generate the heat affected zone and 


































1.2 Cold spray technology 
As the preferred method for repairing structural components, this study focused on cold spray 
technology. The cold spray is a relatively new coating technology which is based on impacts 
and depositions of numerous fine solid particles accelerated by a supersonic inert gas flow on 
a substrate material. This technology was initially developed by Alkimov and Papyrin et al. at 
the Institute of Theoretical and Applied Mechanics of the Russian Academy of Sciences in 
Novosibirisk in the 1980s5)-7). They reported that metallic particles can be deposited on a 
metallic substrate in a high velocity impact process, and particle velocity is the most important 
factor for particle deposition; erosion of substrate takes place below a specific velocity, the so-
called critical velocity, while particles can be deposited above this critical velocity.  
Figure. 1.5 shows the schematic illustration of a typical cold spray system. High pressure inert 
gas, usually air, nitrogen (N2), or helium (He), is used as a working gas to accelerate particles. 
Not very polite, the cold spray systems are divided into two types according to the working gas 
pressure; the low pressure cold spray (LPCS) in which the working gas pressure is below 1.0 
MPa, and the high pressure cold spray (HPCS). The HPCS has some advantages to form 
coatings, however, the facilities using high pressure gas of more than 1.0 MPa are subject to 








The working gas is introduced into a Laval nozzle with a convergence-divergence shape. A 
feedstock powder material consisting of small particles of size ranging between 10 and 50 µm 
is also introduced into the nozzle with the high pressure inert gas. The small particles are 
accelerated up to supersonic velocities in the nozzle, and then impact on a substrate material or 
a deposited layer of particle material and develop a coating. The inert gas is, in general, heated 
using an electrical heater to obtain a high particle velocity and a high particle temperature. 
The most important characteristic of the cold spray process is that the process is totally 
performed below the melting point of powder material, and hence impact process of solid state 
particles allows the influence of heating to be avoided. Owing to this unique characteristic, for 
example, dense and thick metallic coatings can be obtained, without the occurrence of high 
temperature oxidation and undesirable phase transformations. Using the cold spray, soft 
metallic coatings such as pure aluminum (Al), copper (Cu), and nickel (Ni), and hard metallic 
alloy coatings such as austenite stainless steel, MCrAlY alloy, and Ti-6Al-4V alloy are 
routinely obtained8)-14). Furthermore, polymer coatings such as ultrahigh molecular weight 
polyethylene, cermet coatings such as WC-Co, and ceramics coatings such as TiO2 can be 
obtained15)-17). 
The cold spray is, in general, considered a thermal spray technology. Conventional thermal 
spray technologies are being applied to a lot of components in various industrial fields to 
achieve adequate functional surfaces having oxidation resistance, corrosion resistance, or wear 
resistance, etc. Figure 1.6 shows a comparison of approximate gas temperatures and particle 
velocities for cold spray and for conventional thermal spray processes18). In all of conventional 
thermal spray processes, small particle materials molten by high temperature heat sources are 
sprayed and deposited onto a substrate material. High quality coatings of hard materials, in 
particular, ceramics can be easily obtained via thermal spray owing to this feature. It is instead, 
difficult to form high quality coatings of metallic materials under an atmospheric environment 
due to oxidation of the material resulting from the feature. In order to prevent the oxidation, 
plasma spray, which is one of the conventional thermal spray technologies, is usually performed 
under low pressure or an inert gas environment.  
In contrast, in the cold spray process, adhesion of metallic particles to a metallic substrate and 
the deposited layer is achieved in the solid state as mentioned above. Therefore, the cold spray 
technology can produce high quality metallic coatings without negative heat effects stemming 
from a high temperature heat source under an atmospheric environment. The cold spray process 
is therefore expected not only to replace conventional thermal spray technologies, as the 
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preferred method for surface modification of structural components, but also to replace 
conventional welding technologies, as the preferred method for repairing structural components. 
The primary characteristics of the cold spray technology can be summarized as follows: 
 Dense metallic coatings can be obtained under an atmospheric environment 
 Undesirable heating effects such as oxidation, phase transformation, and thermal stress, 
etc. can be suppressed. 
 Thick metallic coatings having a thickness of more than 10 mm can be formed. 




Fig. 1.6 Comparison of approximate gas temperatures and particle velocities for cold spray 









1.3 Limitations of cold spray 
As described above, the cold spray has various advantages for the formation of thick metallic 
coatings without undesirable heating effects. However, several limitations remain and yet to 
overcome. 
(a) Most cold sprayed metallic coatings have lower tensile strengths and lower ductility 
than the bulk materials. 
(b) Adhesion strength between a cold sprayed coating and a substrate tends to decrease with 
increasing coating thickness. 
(c) He gas is frequently required to obtain coatings of relatively hard metallic alloy 
materials, or to improve tensile strengths and adhesion strengths of metallic coatings. 
(d) The deposition mechanism of metallic particles in cold spray process has not completely 
been understood yet. 
It is important to characterize cold sprayed coatings for the application to structural 
components. A lot of research works concerning mechanical properties of cold sprayed metallic 
coatings have been reported19)-26).  
Gärtner et al. have conducted tensile tests on cold sprayed Cu coatings formed using N2 and 
He gases as the working gas and annealed at various temperatures19). The typical stress-strain 
curves of cold sprayed Cu coatings produced with N2 as working gas after different heat-
treatments is shown in Fig. 1.7. The as-sprayed Cu coating demonstrated exceedingly low 
ultimate tensile strength and ductility; however, these properties were improved with annealing, 
with a dependence on the annealing temperature. The results of the tensile tests reported by 
Gärtner et al. are summarized in Table 1.1. The mechanical properties of cold sprayed Cu 
coatings depended on the working gas. The N2 gas led to a low tensile strength and ductility of 
the Cu coatings. In contrast, the exceedingly high tensile strength could be achieved using the 
He gas, and the ductility was also improved. The scanning electron microscope (SEM) images 
of fracture microstructures and morphologies of as-sprayed Cu coatings, sprayed with N2 and 
He as working gases are shown in Fig. 1.8. The SEM images of the coating sprayed with N2 
revealed that the fracture occurred at the particle/particle interfaces, and no ductile fracture 
surface was observed. The SEM images of the coating sprayed with He revealed a more uniform 
surface topography than for the coating sprayed with N2. The fracture morphology seemed to 
be similar to rupture features of heavily strain hardened bulk Cu material. Respective ductile 
fracture appeared to cover about 80% of the fracture surface. This result indicates that cohesion 
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strength between particles directly associated with mechanical property of a cold sprayed 




Fig. 1.7 Stress-strain curves of cold sprayed Cu coatings produced with N2 as working gas after 





Fig. 1.8 Fracture microstructures and morphologies of as-sprayed Cu coatings, sprayed with 
























Top As-sprayed - 26 ± 21 < 0.1 
Middle As-sprayed - 46 ± 12 < 0.1 
Bottom As-sprayed - 33 ± 6 < 0.1 
Middle 200°C - 86 ± 1 0.12 ± 0.00 
Middle 400°C 150 171 ± 4 0.51 ± 0.12 




Top As-sprayed - 472 ± 2 2.31 ± 0.15 
Middle As-sprayed 403 453 ± 16 1.92 ± 0.63 
Bottom As-sprayed - 454 ± 3 2.42 ± 0.29 
Middle 200°C 255 304 ± 29 4.27 ± 5.19 
Middle 400°C 193 278 ± 2 20.99 ± 1.42 
Middle 600°C 172 262 ± 4 23.85 ± 3.82 
 
 
 Titanium alloys use has expanded to the aerospace industry due to their high specific strength 
and elevated temperature properties. The most common Ti-6Al-4V alloy is frequently 
employed on aircrafts in sections of the fuselage, nacelles, landing gear, wing, and empennage, 
as well as for both static and rotating components in turbines. Po et al. have reported the 
properties of Ti-6Al-4V alloy coatings sprayed with N2 and He gas as working gases
20). The 
cross-sectional SEM images of Ti-6Al-4V coatings sprayed with N2 and He gas are shown in 
Fig. 1.9. The figure confirmed that the relatively dense Ti-6Al-4V coating was obtained using 
He gas, and the porous coating was formed using N2 gas. Figure 1.10 shows the typical stress-
strain curves for Ti-6Al-4V substrate, Ti-6Al-4V coatings sprayed with N2 and He gas. The Ti-
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6Al-4V coating sprayed with He had a higher tensile strength than the coating sprayed with N2. 
However, these tensile strengths were quite lower than that of bulk Ti-6Al-4V substrate, even 









Fig. 1.10 Typical stress-strain curves for Ti-6Al-4V substrate, Ti-6Al-4V coatings sprayed with 






  Adhesion strength between a coating and a substrate is also a key factor to characterize a 
cold sprayed coating. Sakaki et al. have reported the dependence of adhesion strength between 
the cold sprayed Cu coating and the Cu substrate on the thickness of coating as shown in Fig. 
1.1127). The figure revealed that the adhesion strength significantly decreases with increasing 
thickness. They have also indicated the adhesion strength can be improved by optimizing the 
spray angle. Xiong et al. have investigated the adhesion strength between the cold sprayed Al 
alloy coating and the Al alloy substrate, and confirmed that the adhesion strength decreases 




Fig. 1.11 Dependence of the adhesion strength between the cold sprayed Cu coating and the 
Cu substrate on the thickness of coating and the spray angle27). 
 
 
The dependence of adhesion strengths between the cold sprayed Cu coatings and various 
substrate materials on the spray condition were widely investigated by Huang et al29). Figure 
1.12 shows the adhesion strengths as a function of the temperature and the pressure of N2 and 
He gases as working gas. The adhesion strengths tended to increase with increasing working 
gas temperature, and the exceedingly high adhesion strengths could be obtained in coatings 
sprayed with He gas. However, the adhesion strengths in the coatings sprayed with N2 gas were 
hardly affected by the working gas pressure. They have concluded that the adhesion strength 
depends strongly on the particle velocity. Figure 1.13 shows the particle velocities calculated 
using the steady-state one-dimensional isentropic model for the gas flow inside the De-Laval 
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nozzle. Figure 1.14 indicates that the adhesion strength can be simply summarized as a function 
of particle velocity regardless of the other spray conditions.  
However, the results also revealed that the He gas is necessary to achieve the high adhesion 




Fig. 1.12 Adhesion strength (expressed as tensile strength in the graph) as a function of the 














Fig. 1.14 Relationship between the adhesion strength and the particle velocity29). 
 
 
As indicated in these research works, the use of He gas as the working gas is effective in 
improving cohesion and adhesion strengths associated with mechanical properties and 
microstructures of cold sprayed metallic coatings. However, the cost of He gas is much higher 
than that of N2 gas, roughly ten times higher; a large amount of gas is required to form coatings 
via a general cold spray system. Therefore, achievement of high quality coatings sprayed with 












1.4 Previous research on the deposition mechanism of 
cold sprayed particle 
 First of all, a good comprehension of deposition mechanism of cold sprayed metallic particles 
on a metallic substrate is essential in order to achieve high quality metallic coatings sprayed 
with low cost inert gas, such as N2 gas or air. Therefore, many researchers are studying this 
deposition mechanism18), 22), 30)-47).  
 One of the most important mechanisms in deposition of cold sprayed metallic particle is the 
occurrence of critical velocity, at which the particles begin to deposit on the substrate, as 
previously described in section 1.2. Identification of the factors which determine the critical 
velocity is expected to lead to an improved understanding of the deposition mechanism, and to 
formation of high quality metallic coatings using low cost gas. 
 Figure 1.15 shows the relationship between deposition efficiency of Al, Cu, and Ni particles 
sprayed with a mixed gas of air and He on a Cu substrate and particle velocity obtained by 
Papyrin and Alkhimov et al. who developed the fundamental mechanism of the cold spray18). 
Numbers 1, 2, and 3 in the graph represent Al, Cu, and Ni particle, respectively. These critical 
velocities were evaluated to be 500 m/s to 600 m/s. This means the critical velocity depends on 
the particle material. Numbers 4, 5, and 6 in the graph represent Al, Cu, and Ni particle sprayed 
with the heated gas, respectively. The result also confirmed the critical velocity varies 
depending on the particle and the substrate temperatures. 
 As such, the critical velocity is significantly influenced by the cold spray conditions described 
as follows18), 22), 30)-41); 
 Particle and substrate materials 
 Particle and substrate temperature (Basically, higher temperature leads to lower critical 
velocity) 
 Particle size and shape (Basically, larger particle leads to lower critical velocity) 
 Surface conditions of particle and substrate, such as roughness, oxide film, 
contamination, etc. 







Figure 1.15 Relationship between deposition efficiency of Al, Cu, and Ni particles sprayed with 
a mixed gas of air and He on a Cu substrate and particle velocity18). 
 
 
What happens at a particle/substrate interface when a particle is impacted on a substrate at the 
critical velocity? Grujicic et al. have considered three possible mechanisms; (a) interdiffusion, 
(b) intimate contact of clean surfaces in atomic-scale, and (c) mechanical interlocking based on 
interfacial roll-up caused by adiabatic shear instability41). First, an interatomic diffusion cannot 
take place during an impact process in the cold spray due to the short contact time. They have 
concluded that a mechanical interlocking caused by adiabatic shear instability shown in Fig. 
1.16 is the predominant factor of the bonding mechanism; the intimate contact of clean surfaces 
in atomic-scale might occur, however, the contribution to the bonding is not as high. 
On the other hand, several high-magnified observations of the interfaces using transmission 
electron microscope (TEM) confirmed that the intimate contact of clean surfaces in atomic-
scale takes place and that, in addition, the interdiffusion and the mechanical interlocking do not 
occur42)-44). The STEM image and HR lattice image near the interface of a titanium particle 
deposited on titanium substrate obtained by Kim et al. is shown in Fig. 1.1742). The particle and 







Figure 1.16 A schematic of the instability based evolution of the particle/substrate (Material 1-




Figure 1.17 STEM image and HR lattice image near the interface of a titanium particle 




In order to approach a prediction of the critical velocity, a lot of numerical analysis have been 
carried out by many researchers35), 41), 45)-57). Assadi et al. have suggested the criterion for the 
critical velocity is an adiabatic shear instability generated at the particle/substrate interface45). 
According to the results obtained by FEM simulations for a particle impacting a substrate, 
interfacial temperature increases with increasing particle velocity up to the melting point of the 
materials. The high interfacial temperature increased up to the melting point induces the 
adiabatic shear instability. They have defined the particle velocity at which the interfacial 
temperature reached the melting point as the critical velocity and, in addition, suggested the a 
predictive expression for the critical velocity. This criterion is being supported by many 
researchers, particularly those who conduct numerical analysis using FEM for a particle 
impacting a substrate. 
Schmitt et al. modified the prediction expression of the critical velocity suggested by Assadi 























  (1-1) 
In this equation (1-1), F1 and F2 are fitting parameters. Because the equation is also based on 
the same criterion, the critical velocity depends mainly on the initial temperature and the 
melting point of particle material. The comparison of calculated critical velocity (vcrit) using the 
equation (1-1) with experimental results is shown in Fig. 1.18. The calculated values agree 
relatively well with the experimental results. In addition, the FEM analysis conducted by 
Schmitt et al. have also indicated that interfacial temperature increase with increasing particle 
diameter at same particle velocity, thus, the critical velocity decrease with increasing particle 
diameter. 
 This criterion does not, however, take into account some influencing factors, in particular, 
surface conditions of particle and substrate. Li et al. have reported that the deposition efficiency 
of Ti particle impacting a mild steel substrate was significantly higher than expected from (1-
1). They have concluded the higher deposition efficiency is due to the high reactivity of Ti58).  
 We have also reported that pure Al particle can be deposited on a pure Al substrate at lower 
particle velocity than expected from the equation (1-1) 22). At the low particle velocity, the cold 
sprayed Al particles cannot be deposited on the Al substrate for a while. After a lot of impacts, 
the particles begin to deposit. Figure 1.19 shows the dependence of number of deposited 
particles on traverse number and traverse interval of a spray nozzle. The number of deposited 
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particles significantly decreased with increasing traverse interval. This indicates that the 
activated substrate surface formed by the multiple particle impacts, which contributes to the 
particle deposition, was oxidized again during the long traverse interval. This result also 




Figure 1.18 Comparison of calculated critical velocities with experimental results of spray 








As mentioned above, many numerical analyses have supported that adiabatic shear instability 
resulting from high interfacial temperature is the criterion for the critical velocity. However, it 
is difficult to experimentally evaluate the interfacial temperature during impact. In addition, 
there are a lot of experimental results which disagree with the criterion. Consequently, the 
identification of the experimentally evidenced factors governing the critical velocity is essential 

























1.5 Objective of research work 
The final goal of this study is to drastically improve cohesion strength between particles and 
adhesion strength between particles and a substrate, which is directly associated with the 
coating properties, in any cold sprayed metallic coatings up to those of bulk materials using 
lower cost gas such as compressed air or N2 rather than He gas. This research work, first of all, 
identifies the factors governing the critical velocity of cold sprayed metallic particles by unique 
experimental approaches using a new developed testing system, in order to obtain guidelines 
for improvement of cohesion and adhesion strengths. In addition, based on the obtained results 
and guidelines, a new post-heat-treatment method to improve coating properties of cold sprayed 
metallic coating is suggested. The results of this work will contribute to the commercial 
viability of cold sprayed metallic coatings as the preferred repairing technology in various 
industrial fields and to the more advancement of surface modification technology. 
The flow chart of the constitution of this thesis is shown in Fig. 1.20. This thesis consists of 6 
chapters in total. Chapter 1 described the introduction of this study. Chapters 2 to 4 deal with 
the mechanistic analysis of particle deposition behavior in cold-spray-emulated high velocity 
impact process. In Chapter 2, single particle impact testing system (SPITS) used for the 
mechanistic analysis of particle deposition behavior is developed. Chapter 3 focuses on the 
deposition behavior and the microstructure of pure Al and Cu particle with a diameter of 1 mm 
impacting various substrate materials via the SPITS. In Chapter 4, the dominant factors on these 
particle depositions are identified. Chapters 5 suggests a new post-heat-treatment method for 
improvements of cold sprayed coating properties based on the obtained guidelines, and reveals 
the effectiveness of the new method via pulsed direct electric current for a cold sprayed Cu 
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Development of the Single Particle 
Impact Testing System 
 
2.1 Introduction 
Identification of dominant factors which determine the critical velocity in cold spray is 
expected to lead to the production of high quality metallic coatings using lower cost gas such 
as compressed air or nitrogen (N2) rather than helium (He). It is however, difficult to 
experimentally identify the factors in the deposition process of actual cold sprayed metallic 
particles impacting a metallic substrate due to the small size of particles and the impacts of 
numerous particles having various sizes, shapes, surface conditions, and velocities.  
Figure 2.1 shows the morphology of gas-atomized aluminum (Al) feedstock powder and the 
distribution of cold sprayed Al particle velocity obtained via particle image velocimetry (PIV) 
under the spray condition; working gas, pressure and temperature are He, 3.0 MPa, 573 K, 
respectively1). General feedstock powders for cold spray have a wide range of diameter and 
various shapes as shown in the figure. These numerous particles having widely distributed 
particle velocities were sprayed and impacted on one substrate at the same time. Therefore, it 
is impossible to evaluate the accurate velocities of individual particles deposited on a substrate, 
although the mean particle velocity can be evaluated. The experimentally evaluated critical 
velocity in literatures is, consequently, the mean particle velocity of deposited particles. 
In order to evaluate the definite deposition behavior and the definite critical velocity by 
experiments, these are supposed to be performed under well-defined conditions (in the case of 
experiments and setups we use conditions and not condition). In other words, the evaluation of 
the deposition behavior of a single particle having a well-known size, shape, surface condition, 
and velocity is required. Schmidt et al.2) have conducted the impact test of single metallic 
particle having a diameter of 20 mm and a spherical shape, and indicated the effectiveness of 
this kind of experiment for understanding the deposition behavior. As the particles used in their 
research have a larger diameter (20 mm) than actual cold spray particles, large-scaled particles 
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are necessary to achieve well-defined experimental conditions. Even so, naturally, the particle 
with a diameter as close to that of actual cold spray particle as possible is more appropriate for 
the evaluation of deposition behavior. In this study, a single particle impact testing system 
(SPITS) was developed, in which single spherical particle with a diameter of 1 mm can be 




Figure 2.1 Morphology of gas-atomized Al feedstock powder and distribution of cold sprayed 
Al particle velocity obtained via PIV1). 
 
 
A single-stage or a two-stage light-gas gun are considered as a candidate facility of the SPITS. 
Figure 2.2 shows the appearance and the schematic illustration of the two-stage light-gas gun 
located in Nagoya Institute of Technology3). In general, this kind of two-stage light-gas gun has 
the ability to accelerate a particle, usually called projectile, to more than 5 km/s by explosive 
energy of powder4). However, it is difficult to obtain a relatively low particle velocity less than 
1 km/s. In addition, the total size of the facility tends to be large, and the experimental time 
tends to be long; that is approximately 3 times per a day in the two-stage light-gas gun located 
in Nagoya Institute of Technology. On the other hand, in a single-stage light-gas gun, a particle 
is accelerated simply by compressed inert gas. The maximum particle velocity is therefore less 
than 1 km/s5). Owing to the simple mechanism, the compact size of the facility and the short 
experimental time can be achieved. Consequently, the single-stage light-gas gun is more 
suitable for the evaluation of deposition behaviors of metallic particles in cold-spray-emulated 
high velocity impact process. Consequently, the fundamental structure of the SPITS is based 







applied to the SPITS in order to be able to accelerate a single spherical particle with a diameter 
of 1 mm up to sufficient velocity, to measure the accurate particle velocity, get a compact size 






Figure 2.2 Appearance and schematic illustration of the two-stage light-gas gun located in 











2.2 Development of SPITS 
2.2.1  Design concept 
The SPITS is used mainly for the evaluation of particle deposition in cold-spray-emulated 
high velocity impact process. The design concepts of the SPITS to achieve this objective are 
enumerated as follows. 
(a) Single spherical particle with diameter of 1 mm can be impacted on one substrate. 
(b) The particle can be accelerated up to 600 m/s. 
(c) Particle velocity can be accurately measured by laser beams. 
(d) Only compressed inert gas is available for particle acceleration, explosive powder is not 
required. 
(e) Small consumption of carrier gas can be achieved. 
(f) Short experimental time can be achieved. 
(g) Total system size is compact. 
First of all, minimum particle diameter in this system was determined to be 1 mm, because the 
particle velocity is likely to be measured by lasers, and in addition, several pure metallic 
particles of this diameter such as pure Al, copper (Cu), nickel (Ni), and titanium (Ti) are being 
manufactured. A particle velocity of 600 m/s was selected as the target for maximum particle 
velocity in the SPITS. In the actual cold spray process, it has been reported that the critical 
velocity of metallic particles depends on the particle size, and tends to be getting lower as 
particle size is getting larger. In particular, a prediction expression for estimation of the critical 
velocity in the deposition process of pure Cu particle impacting a pure Cu substrate has been 












     (2-1) 
where Tp and dp are particle temperature and diameter, respectively. According to this equation, 
the critical velocity of a Cu particle with diameter of 1 mm deposited on a Cu substrate is 
estimated to be approximately 230 m/s. Therefore, it is expected that maximum particle velocity 
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of 600 m/s is large enough to investigate deposition behaviors and critical velocities of various 
materials. 
The schematic illustration of the SPITS is shown in Fig. 2.3. The fundamental structure of the 
SPITS is based on a normal single-stage light-gas gun. Consequently, only compressed inert 
gases, usually N2 and He, are available for particle acceleration in the SPITS. It is easy and 
riskless to handle these gases. Instead, it is difficult to accelerate a small particle up to 600 m/s. 
In addition, it is not easy to measure the accurate particle velocity of the small particle. In order 
to achieve not only the maximum particle velocity and accurate measurement of particle 
velocity, but also small consumption of carrier gas, short experimental time, and compact 
system as well, two remarkable originalities were applied to the SPITS as below. 
(i) Original particle holder and the stopper system to separate a particle from the particle 
holder were designed. 




Fig. 2.3 Schematic illustration of single particle impact testing system (SPITS) 
 
 
2.2.2  Original particle holder and the stopper system 
The acceleration of a small particle with a diameter of 1 mm is difficult in a long acceleration 
tube with a little larger inner diameter than the particle, because carrier gas cannot smoothly go 
through the acceleration tube due to large pipe-friction-loss. Therefore, particle holder with 
larger outer diameter is essential to suppress the pipe-friction-loss leads to the smooth 
acceleration. In a single-stage or a two-stage light-gas gun, generally, a particle holder, usually 
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called sabot, consists of a few parts is used. As shown in Fig. 2.4, During free-flying after 
accelerating in acceleration tube, a particle is automatically separated from particle holder 
which is divided into individual parts by air resistance5). Subsequently, only a particle is 
impacted on a substrate. In these systems, a long separation section, usually around 1 m, is 
required to divide particle holder into individual parts by air resistance. As the result, total 
system length tends to be getting longer6). In addition, if free-flying section from exit of 
acceleration tube to substrate is getting longer, difference between actual trajectory and 
predefined trajectory of particle is also getting larger. This indicates that it becomes more 
difficult to measure particle velocity by using lasers. In the SPITS, original particle holder and 
stopper systems to separate particle from particle holder were designed, instead of the automatic 
separation system using air resistance. Fig. 2.5 shows the schematic illustration of original 
particle holder and stopper systems. In order to completely stop the particle holder without 
fracturing and smoothly separate a particle from the particle holder, structure of the stopper and 
shape of the particle holder were designed.  
 
 
Fig. 2.4 Schematic illustration of particle separation process from a sabot by air resistanc5). 
 
 




As shown in Fig. 2.5, the original particle holder which consists of only one part has 
cylindrical shape with two different outer diameters and a hole to hold a particle on the front. 
The stopper system for the particle holder consists of two sections. One is particle separation 
section; another one is particle holder trapping section. The both two sections have pipe shapes 
with taper and straight parts on the inside, although these taper angles, inner diameters, and 
lengths are different from each other. When the particle holder with a particle accelerated in 
acceleration tube by compressed inert gas goes into the particle separation section set up at the 
end of acceleration tube, edge of the particle holder with larger outer diameter contacts to the 
taper surface. At this moment, the particle holder is deformed and getting smaller along the 
taper shape, while it is decelerated. Because the inner diameter of straight part is designed to 
be a little larger than the smaller outer diameter of particle holder, the hole for holding a particle 
is absolutely not deformed. Consequently, only the particle holder is decelerated. As the result, 
the particle can be smoothly separated from the particle holder at the particle separation section. 
Subsequently, the particle holder is largely deformed along the taper shape and stopped at the 
particle holder trapping section, only a particle goes through this section. Ultra high molecular 
weight polyethylene (UHMWPE) was selected as the material for the particle holder, and the 
taper angles, inner diameters, and lengths were optimized through a lot of trials and errors. As 
the results, complete stopping of the particle holder without fracturing and smooth separation 
of a particle from the particle holder could be achieved in the full range of particle velocity 
obtained in the SPITS. In addition, two lasers set up just behind the stopper system made it easy 
to measure particle velocity. Moreover, the stopper system whose total length is only 150 mm 
contributed to downsizing of the SPITS. 
 
 
2.2.3  Original launch system with solenoid valve 
In a single-stage or a two-stage light-gas gun, in general, rapture disk is used as a launch trigger. 
Rapture disk is designed to be broken at predetermined pressure of carrier gas. This mechanism 
makes sense to effectively transfer carrier gas pressure to particle holder. However, it is difficult 
to accurately control the breaking load of rapture disk, in other words, particle velocity. 
Furthermore, the rapture disk must be exchanged to new one every experiments. Therefore, this 
kind of launch trigger is not suitable for a lot of experiments. In the SPITS, the solenoid valve 
with relatively high opening speed of 60 ms (KB-15，Müller co-ax ag, Germany) was employed 
as the launch trigger instead of rapture disk. In addition, the outer diameter of the particle holder 
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was designed to be a little bit larger than inner diameter of the charger. As shown in Fig. 2.6, a 
particle holder loaded in the charger will take a pressure depends on the interference fit 
condition. Under this situation, particle holder is not launched until carrier gas pressure is 
getting larger than the pressure resulting from the interference fit. This means that quite similar 
mechanism for launch trigger can be achieved without rapture disk. The original particle holder 
made of plastic material made it possible to design interference fit condition easily. Furthermore, 









2.2.4  Configuration and working process of SPITS 
Figure 2.7 shows the total appearance of the SPITS. The SPITS has obviously a simple and 
compact structure as compared to the two-stage light-gas gun shown in Fig. 2.2. A commercial 
bright annealing stainless steel pipe was selected as the acceleration tube because of the smooth 
inner surface. The pipe length and inner diameter were 2 m and 4.53 mm, respectively. 
According to this inner diameter, the outer diameter of the particle holder was designed to be 
4.45 mm. The clearance between inner diameter of acceleration tube and outer diameter of 
particle holder plays an important role in effective acceleration of particle holder. Any 
commercial stainless steel pipes with various length and inner diameter can be attached to the 





design of particle holder in the SPITS. The total length of the SPITS is approximately 4 m using 
an acceleration tube of 2 m. 
The working process of the SPITS is as follows. 
(i) Carrier gas, N2 or He, whose pressure is controlled by a regulator depending on an 
expected particle velocity, is introduced into a propellant chamber. At this point, particle 
holder charger in front of acceleration tube is shut out of carrier gas by a solenoid valve, 
and pressure in a vacuum chamber is kept approximately 0.5 kPa. 
(ii) A particle holder holding a particle pressurized under interference fit condition takes a 
pressure from carrier gas immediately after solenoid valve opens. 
(iii) The particle holder is launched when carrier gas pressure is getting larger than the 
pressure resulting from the interference fit, subsequently, the particle holder is rapidly 
accelerated through the acceleration tube. 
(iv) The particle holder with high velocity goes into particle separation section of stopper 
system set up at the end of acceleration tube. At this moment, the particle holder is 
decelerated with large deformation, and the particle is smoothly separated from the 
particle holder. 
(v) The particle holder is stopped at the particle holder trapping section, and then only the 
particle is impacted on a substrate set up in observation section of the vacuum chamber. 
The appearance of observation section is shown in Fig. 2.8. Particle velocity is measured by 
using two continuous wave semiconductor lasers (LDU33, SIGMAKOKI CO., LTD., Japan) 
and two high speed photodiodes (SIGMAKOKI CO., LTD., Japan). These two lasers were 
placed at 60 mm interval. The photodiodes receive the laser beams, and the transformed 
voltages are captured by an oscilloscope (DCS-7506, TEXIO technology corporation, Japan). 
When the two lasers are interrupted by passage of a particle, voltage drops are observed. Particle 
velocity can be calculated from the interval divided by a time gap between the voltage drops. 



















2.3 Particle velocity measurement 
In order to reveal the performance of the SPITS to accelerate the particle, a lot of particle 
velocity measurements were carried out under various conditions. In addition, influence of 
particle holder materials on particle velocity was investigated. 
 
 
2.3.1  Materials and experimental conditions 
High purity Al particles (>99.99wt.%, Ohashi Steel Ball Corporation, Japan) with nominal 
diameter of 1 mm were used. N2 gas was employed as carrier gas to obtain relatively low 
particle velocity, and He gas was also employed to achieve relatively high particle velocity. 
These carrier gases are basically working at room temperature, because there is no gas heater 
in the SPITS. The length and inner diameter of the stainless steel pipe used as acceleration tube 
were 2 m and 4.53 mm, respectively. Two kinds of particle holder materials, UHMWPE and 
polytetrafluoroethylene (PTFE), were employed because of excellent mechanical property of 
UHMWPE and low friction coefficient of PTFE. The particle holders had a little bit fluctuated 
outer diameter of 4.45 ± 0.02 mm. The particle holder charger with inner diameter of 4.43 mm 
was used. The particle velocities were measured under various gas pressure of N2 and He. 
 
 
2.3.2  Results 
In a successful particle velocity measurement, two voltage drops which represent intensity 
drops of two lasers interrupted by a particle can be observed on an oscilloscope. Typical voltage 
drops are shown in Fig. 2.9. A time gap between two voltage drops can be measured from peak 
to peak. A particle velocity is calculated from 60 mm interval of two lasers divided by the time 
gap. 
Figure 2.10 shows the particle velocities obtained by N2 gas. The particle velocity could be 
continuously controlled in the range of 180 m/s to 330 m/s by N2 gas pressure, although little 
fluctuations in particle velocity were observed at same gas pressure. These fluctuations were 
attributed mainly to the fluctuations in the outer diameters of particle holders. Not only the 
clearance between the acceleration tube and a particle holder, but also the interference fit 
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condition between a particle holder and the charger depend on the outer diameter of particle 
holder. Particle velocity is significantly affected by the clearance and the interference fit 
condition. As the influence of particle holder materials on particle velocity was investigated, 
higher particle velocities were achieved by using particle holders made of UHMWPE. In the 
case of particle holders made of UHMWPE, the maximum particle velocity obtained at 4.0 MPa 
was close to the sound velocity in N2 gas at room temperature. If it is assumed that the influence 
of clearance is negligible, the equation of motion for a particle holder in the acceleration tube 







m rhvgh     (2-1) 
where x and t are axial direction of acceleration tube and time, respectively. Further, mh and Ah 
stand for mass and cross-sectional area of particle holder. And also Pg, Pv and Fr represent the 
carrier gas pressure, the pressure in vacuum chamber, and total resistive force including friction 
between particle holder and acceleration tube as a function of time. This equation indicates that 
mass of particle holder and total resistive force are supposed to be as small as possible for higher 
particle velocity achieved under same gas pressure condition. In the case of particle holder made 
of PTFE, it is expected that friction between particle holder and acceleration tube is smaller 
than UHMWPE. However, the actual weight of a particle holder made of PTFE was 270 mg in 
contrast to that of UHMWPE, which was only 120 mg. The light weightedness of UHMWPE 
which is less than half of that of PTFE probably contributed to higher particle velocities shown 
in Fig. 2.10.  
On the other hand, the dependence of particle velocity achieved by using UHMWPE particle 
holder when He gas was used as carrier gas is shown in Fig. 2.11. Gas temperature was also 
room temperature. Using He gas, the particle velocities were almost twice of particle velocities 
obtained by using N2 gas under same gas pressure conditions. Particle velocity of approximately 
350 m/s was observed at the gas pressure of 1.0 MPa, furthermore, particle velocity of 
approximately 600 m/s could be achieved at 4.5 MPa. In the SPITS, the minimum gas pressure 
is limited to approximately 1.0 MPa due to the interference fit condition. To put it the other 
way around, it is difficult to obtain a low particle velocity, less than 350 m/s, by He gas. 
However, according to these results shown in Fig. 2.10 and Fig. 2.11, any particle velocities 
between 180 m/s to 600 m/s are available by means of not only He gas, but also N2 gas. This 
wide particle velocity range can be obtained using only the acceleration tube. As mentioned 
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above, it is easy to exchange the acceleration tube to other one with different length. This means 
lower particle velocity less than 180 m/s can be easily obtained using shorter acceleration tube. 
When it is assumed that average gas pressure used for experiments is 3 MPa, the volume of 
He gas introduced into the propellant chamber are estimated to be approximately 3 × 10-3 m3 
under room temperature and atmospheric pressure condition. This is the consumption volume 
of He gas for one experiment. It can be regarded as very small consumption, because a lot of 
impact tests, roughly two thousand times, can be carried out using a normal gas cylinder with 
volume of 7 m3. The specification of the SPITS is summarized in Table 2.1. All design concept 
described in section 2.2.1 could be achieved. Furthermore, the SPITS has a potential to obtain 
higher maximum velocity more than 600 m/s using longer acceleration tube and optimized 
particle holders for the acceleration tube. Actually, it was confirmed that maximum particle 
velocity of approximately 700 m/s was achieved using the other acceleration tube with length 
of 2.25 m and inner diameter of 4.70 mm, and the particle holder with outer diameter of 4.65 
mm optimized for the acceleration tube. Therefore, it is expected that optimization of 

















Table 2.1 Specification of the SPITS 
Particle diameter 1 mm 
Particle holder material and weight UHMWPE, 120 mg 
Carrier gas N2 or He 
Available gas pressure range 1 - 4.5 MPa 
Gas temperature Room temperature 
Vacuum chamber pressure 0.5 kPa 
Maximum particle velocity 698 m/s 
Launch trigger Solenoid valve 
Propellant chamber capacity 9.4 × 10-5 m3 
Total system length 4 m 

















2.4 Effectiveness of SPITS for evaluation of particle 
deposition behavior 
In order to prove the effectiveness of the SPITS for evaluation of particle deposition behavior, 
various particle materials were impacted on various metallic substrate materials via the SPITS. 
The deposition behaviors were investigated at several particle velocities. Subsequently, 
deposited particles were observed by scanning electron microscopy (SEM). 
 
 
2.4.1  Materials and experimental conditions 
Four types of particle materials, high purity Al (>99.99wt.%), pure Cu (>99.96wt.%), pure Ni 
(>99wt.%), and austenite stainless steel (JIS code: SUS304), having a nominal diameter of 1 
mm, were used. The typical morphologies of these particles were shown in Fig. 2.12. Six types 
of materials, pure Al (>99.7wt.%), pure Cu (>99.96wt.%), pure NI (>99wt.%), pure Ti 
(>99wt.%), low-carbon steel (JIS code: S15C, 0.15wt.%C), and SUS304 were used as 
substrates. These substrates are cylindrical, each with a size of φ16 × 15 mm. The surfaces of 
all the substrates were ground with waterproof abrasive papers from #320 to #1200, 
subsequently, mirror-polished with diamond paste having the diameter of 9 μm to 1 μm, finally, 
treated by colloidal silica. 
The particles were impacted on these substrate materials via the SPITS. Two types of inert 
gas, N2 and He, were used as carrier gases to obtain various particle velocities. The pressure in 
the vacuum chamber was reduced to ~0.5 kPa prior to particle impact. The original particle 
holders made of UHMWPE were used. The particle velocity was accurately measured via two 
lasers. The sampling frequency was fixed at 5 MHz. The substrate surfaces after particle 










   
   
Fig. 2.12 Typical morphology of each particle; (a) Al particle, (b) Cu particle, (c) Ni particle, 

















2.4.2  Results 
A fraction of SEM images indicating each substrate material surface after impacts of each 
particle material are shown in Fig. 2.13. This result confirmed that various particle materials 
having the diameter of 1 mm can be deposited on various substrate materials via the SPITS. 
Furthermore, Fig. 2.13 (c)~(f) indicate that it is possible to find out whether a particle can be 
deposited on a substrate at accurately measured particle velocity, or not. In other words, the 
critical velocity of various particle materials impacting various substrate materials under well-
defined impact condition can be evaluated. Therefore, the SPITS will be an effective technique 
for evaluation of particle deposition behavior in cold-spray-emulated high velocity impact 
process. 
 
   
   







   
   
   
Fig. 2.13 SEM images of each substrate surface after impacts of each particle at various 
particle velocities; Al particle impacted at (a) 445 m/s on Al substrate, (b) 311 m/s on Cu 
substrate, (c) 384 m/s and (d) 615 m/s on Ti substrate, Cu particle impacted at (e) 396 m/s and 
(f) 595 m/s on Al substrate, (g) 408 m/s on S15C substrate, and (h) 316 m/s on Ni substrate, Ni 
particle impacted at (i) 248 m/s on Cu substrate, (j) 324 m/s on Ni substrate, and (k) 387 m/s 










In order to evaluate the definite deposition behavior and the definite critical velocity of a 
metallic particle impacting a metallic substrate by experiments, single particle impact testing 
system (SPITS) was developed, leading to the following main conclusions: 
1) Using the SPITS, which is a modified single-stage light-gas gun, a large-scaled particle 
having a diameter of 1 mm could be impacted on a substrate at an accurately measured 
particle velocity. 
2) Original particle holder consists of ultrahigh molecular weight polyethylene and the launch 
system with solenoid valve contributed to the maximum particle velocity of approximately 
700 m/s, the short experimental time, and the small gas consumption. 
3) The original particle holder and the stopper system also contributed to smooth separation 
of particle from particle holder and downsizing of total system. 
4) Continuous range of particle velocity could be obtained by using nitrogen and helium gases. 
5) Using the SPITS, various metallic particle materials with a nominal diameter of 1 mm 
could be deposited on various metallic substrate materials. 
6) These results confirmed that the definite deposition behavior and the definite critical 
velocity of a metallic particle in cold-spray-emulated high velocity impact process can be 
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Evaluation of Deposition Behaviors of 
Pure Al and Cu Particles via SPITS 
 
3.1 Introduction 
In last chapter, single particle impact testing system (SPITS) used for evaluation of particle 
deposition behavior in cold-spray-emulated high velocity impact process, was developed. A lot 
of impact tests conducted via the SPITS confirmed that the deposition behavior and the critical 
velocity of various particle materials impacting various substrate materials under well-defined 
impact condition can be evaluated. 
This chapter focused on deposition behaviors of pure aluminum (Al) and pure copper (Cu) 
particles which can be easily deposited on various substrate materials in actual cold spray 
process. In order to find out the critical velocities of pure Al and pure Cu particles impacting 
five types of metallic substrate materials via the SPITS, the deposition behaviors at various 
particle velocities were investigated in detail. In addition, the microstructures of deposited 












3.2 Experimental procedure 
3.2.1  Materials 
High purity Al particles (>99.99wt.%, Ohashi Steel Ball Corporation, Japan) and pure Cu 
particles (>99.96wt.%, Ohashi Steel Ball Corporation, Japan) having a nominal diameter of 1 
mm were used. The typical morphologies of as-received Al and Cu particles and energy 
dispersive X-ray spectroscopy (EDX) map images of these particle surfaces are shown in Fig. 
3.1 and Fig. 3.2, respectively. These images were obtained by SEM equipment (SU-70, Hitachi 
High-Technologies Corporation, Japan) and a EDX detector (Octane Pro, AMETEK Inc., USA). 
These EDX analyses confirmed that the both Al and Cu particles have a lot of alumina abrasives 
on the surfaces embedded during the manufacturing process. These alumina abrasives will 
definitely exert unintended influences on the deposition behaviors of these particles. In addition, 
these particles also have large plastic strains stemming out from the manufacturing process. In 
order to simplify the deposition process and achieve the ideal impact condition, both Al and Cu 
particles were annealed and chemically polished with acid solutions. 
The annealing conditions and hardness of both particles are shown in Table 3.1. The Cu 
particles were enclosed in a small glass tube to inhibit heavy oxidation during annealing. The 
respective hardness values were measured by using a micro Vickers hardness tester (HMV-1, 
Shimadzu Corporation, Japan). During the hardness testing, the vertical load and holding time 
were fixed at 0.98 N and 10 s, respectively. The Al particles were chemically polished with the 
acid solution (i.e., H2SO4 : H3PO4 : HNO3 = 5 : 14 : 1) after annealing. This polishing was 
performed for 1.5 min at 90°C. The polishing of Cu particles was conducted by Meiho Co., Ltd. 
(Japan). The typical morphology of a chemically polished Al and Cu particles are shown in Fig. 
3.3 and Fig. 3.4, respectively. As the figures show, the spherical shapes were maintained and 
the alumina abrasives were completely removed, although several craters formed on the surface 







Fig. 3.1 Typical morphology and EDX mapping images of as-received Al particle. (a) 
morphology, (b) high magnification image, (c) Al mapping image, and (d) O mapping image 




   
Fig. 3.2 Typical morphology and EDX mapping images of as-received Cu particle. (a) 
morphology, (b) high magnification image, (c) Al mapping image, and (d) O mapping image 
obtained by EDX. 
(a) 
(b) (c) (d) 
(a) 





Fig. 3.3 Typical morphology and EDX mapping images of chemically polished Al particle. (a) 
morphology, (b) high magnification image, (c) Al mapping image, and (d) O mapping image 





Fig. 3.4 Typical morphology and EDX mapping images of chemically polished Cu particle. (a) 
morphology, (b) high magnification image, (c) Al mapping image, and (d) O mapping image 
obtained by EDX. 
(a) 
(b) (c) (d) 
(a) 
(b) (c) (d) 
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Five types of materials, pure Al (>99.7wt.%), pure Cu (>99.96wt.%), pure nickel (Ni, 
>99wt.%), pure titanium (Ti, >99wt.%), and low carbon steel (JIS code: S15C, 0.15wt.%C), 
were used as substrate materials. These substrates have cylindrical shapes, each with a size of 
φ16 × 15 mm, and like the particles, were annealed under an air atmosphere. The annealing 
conditions and hardness of each substrate are also listed in Table 3.1. After annealing, the 
surfaces of all the substrates were ground with waterproof abrasive papers from #320 to #1200, 
subsequently, polished with diamond pastes having the diameter of 9 μm to 1 μm, finally, 
mirror-polished by colloidal silica suspension. 
 
 
Table 3.1 Annealing and polishing conditions for Al and Cu particles and each substrate 
material. 
 Annealing conditions Hardness (HV0.1) 
 Temperature (°C) Holding time (h) As-received Annealed 
Al (particle) 500 1 35.8±3.2 19.0±0.4 
Cu (particle) 500 5 148.5±8.3 48.4±1.2 
Al (substrate) 500 1 36.3±3.2 25.1±0.7 
Cu (substrate) 500 1 108.7±4.8 60.1±1.8 
Ni 850 1 136.0±4.8 126.7±3.4 
Ti 850 1 - 151.7±13.1 
S15C 850 1 - 112.6±6.2 
 
 
3.2.2  Impact tests and microstructure observation 
The Al and Cu particles were impacted on these five substrate materials via the SPITS; the 
structure and working process were previously shown in Chapter 2. Two types of inert gas, 
nitrogen (N2), and helium (He), were used as carrier gases in order to obtain various particle 
velocities. The use of N2 and He gases resulted in relatively low (<350 m/s) and high (>350 
m/s) particle velocities, respectively. The pressure in the vacuum chamber was reduced to ~0.5 
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kPa prior to particle impact. The particle velocity was measured using two continuous wave 
semiconductor lasers (LDU33, SIGMAKOKI CO., LTD., Japan) that were placed at 60-mm 
intervals. The intensity of lasers was detected by two high speed photodiodes (SIGMAKOKI 
CO., LTD., Japan). The time gap between these two lasers was detected by an oscilloscope 
(DCS-7506, TEXIO technology corporation, Japan). A fixed sampling frequency of 5 MHz was 
used during the measurements. The particle velocity can be accurately calculated from the 
distance between the two lasers divided by the time gap. 
After the impact testing, deposited Al and Cu particles were cleaned in an ethanol solution via 
an ultrasonic (US) cleaner (ASU-3, AS ONE Corporation, Japan). Non-separated particles by 
the US cleaning were considered successful depositions. The deposition behaviors of the Al 
and the Cu particles impacting each substrate at various velocities were investigated. The 
critical velocities were defined as the lowest impact velocities for successful depositions in this 
study. 
 The cross-section of specimens for microstructure observation were exposed by an ion milling 
machine (IM-4000, Hitachi High-Technologies Corporation, Japan), instead of a normal 
mechanical polishing method. The preparation of specimen was conducted as follows. First, a 
deposited particle was covered by epoxy resin to protect the particle. The top of deposited 
particle covered by the epoxy resin was flattened by waterproof abrasive papers of #1200. A 
part of substrate was cut off perpendicular to the substrate surface near the deposited particle. 
The cross-section of substrate exposed by the cutting was grounded with waterproof abrasive 
papers from #320 to #2400 until the cross-section reach to the center of deposited particle. In 
the IM-4000, the deposited particle partially covered by a mask was irradiated with Ar ion beam 
comes from a direction perpendicular to the substrate surface; non-covered area of the deposited 
particle is removed by the Ar ion beam. The discharge and acceleration voltages for Ar ion 
were fixed at 1.5 kV and 6.0 kV, respectively. The ion milling treatment was carried out for 4 









3.3 Results and discussion 
3.3.1  Deposition behaviors of Al and Cu particles 
The deposition behaviors of Al and Cu particles impacting five types of substrate materials 
are summarized in Fig. 3.5 and Fig. 3.6, respectively. The triangles in the figure represent the 
particles that were once deposited, but separated from the substrates during ultrasonic (US) 
cleaning. The non-separated particles, represented by circles, are considered successful 
depositions. As evidenced by the figures, a lot of impact tests could be performed owing to the 
short experimental time and small gas consumption in the SPITS. In addition, the critical 
velocities, required for deposition of Al and Cu particles on each substrate, could be evaluated. 
Figures 3.5 and 3.6 also indicate that the deposition behaviors, and hence the critical velocities, 
of the impacting Al and Cu particles depend strongly on the substrate materials. 
In the case of Al particle, the particles were more easily deposited on the Ni and Cu substrates 
(compared to the other substrates) and the critical velocities, required for deposition, were 296 
m/s and 301 m/s, respectively. The critical velocity (353 m/s) for particle deposition on the Al 
substrate was relatively higher than these values. However, as evidenced by the respective 
critical velocities of 432 m/s and 500 m/s, particle depositions on the S15C and Ti substrates 
were quite difficult; the deposition behavior on the S15C substrate was unstable in the vicinity 
of the critical velocity. The critical velocity on the Ti substrate was more than 200 m/s higher 
than that on the Ni substrate. This significant difference stems from just the substrate materials 
having different mechanical properties with each other. A fundamental understanding of the 
deposition mechanism is essential to identifying the dominant factors that lead to this difference. 
In the case of Cu particle, the particle was most easily deposited on the Cu substrate under this 
impact condition and the critical velocity was 216 m/s. The critical velocities for particle 
deposition on the Ni, S15C and Ti substrates were 260 m/s, 282 m/s and 294 m/s, respectively. 
These critical velocities were totally smaller than those of Al particles. These smaller values 
were probably benefited by larger density of Cu particle. In contrast, the Cu particles absolutely 
rebounded from the Al substrates at less than 559 m/s. These critical velocities are completely 
different from those of Al particle. However, the tendency of the deposition behaviors of the 
Cu particles impacting these substrates seem to be partially similar to the case of Al particle. 
The critical velocities of Al and Cu particles deposited on the Ni, S15C, and Ti substrates are 
getting larger in this order. In other words, the deposition behaviors of Al and Cu particles 
impacting the Al and Cu substrates are significantly different from each other. 
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 The dominant factors that led to these large differences in the critical velocities were 




Fig. 3.5 Dependence of the deposition behavior of the Al particle on each substrate material 




Fig. 3.6 Dependence of the deposition behavior of the Cu particle on each substrate material 






3.3.2  Morphology of deposited particles 
Figure 3.7 shows SEM images of Al particles deposited on each substrate at the velocities 
close to the critical values. In the case of the Ni, Cu, and Al substrates, the particles were only 
slightly deformed, and the spherical shapes were well-maintained; only small amounts of severe 
plastic deformation, so-called jetting, occurred at the interfaces between the particle and the 
substrates. In contrast, in the case of the S15C and Ti substrates, the particles were severely 
deformed to pancake-like shapes, owing to the high particle velocity. These results indicate that 
the amount of plastic deformation experienced by the particle has a significant effect on its 
deposition. Figure 3.8 also shows SEM images of Cu particles deposited on each substrate at 
velocities close to the critical values. In the case of the Cu, Ni, S15C and Ti substrates, the 
particle deformations were getting larger in this order because of these impact velocities and 
the mechanical properties of the substrate materials. However, these substrates seemed to be 
hardly deformed. In contrast, the Al substrate was severely deformed by the Cu particle impact, 
and the particle was completely embedded in the Al substrate. This Cu particle might be 





















Fig. 3.7 Morfologies of an Al particle deposited on each substrate material at the velocities 
close to the critical velocity; particle deposited at (a) 296 m/s, (b) 310 m/s, (c) 369 m/s, (d) 










Fig. 3.8 Morfologies of a Cu particle deposited on each substrate material at the velocities 
close to the critical velocity; particle deposited at (a) 216 m/s, (b) 261 m/s, (c) 282 m/s, (d) 






3.3.3  Cross-sectional observation of deposited particles 
3.3.3.1 Near critical velocity impact 
 The cross-sectional SEM images of Al particles deposited on each substrate at the velocities 
close to each critical velocity are shown in Figs. 3.9-3.13, respectively. The schematic 
illustrations of deposited particles are also shown in these figures in order to clearly indicate 
the adhesion area at the particle/substrate interface. In this observation, the adhesion area was 
defined as no gap area at a particle/substrate interface detected by SEM observation. As the 
deposition behavior of Al particle impacting each substrate material is shown previously in Fig. 
3.5, these critical velocities indicate the smallest particle velocities at which Al particles could 
be deposited on these substrate materials. According to this definition, it is predicted that the 
adhesion area at the particle/substrate interface is quite small, even if it is formed by an impact 
of the Al particle with the critical velocity. Actually, as shown in Figs. 3.10-3.13, there were no 
adhesion area in the Cu, Al, S15C, and Ti substrates, although the adhesion area was detected 
at a fraction of the interface between Al particle and Ni substrate shown in Fig. 3.9. 
And also, the cross-sectional SEM images of Cu particles deposited on each substrate at the 
velocities close to each critical velocity are shown in Figs. 3.14-3.18, respectively. In the same 
way as the Al particle, the adhesion areas at the particle/substrate interface were hardly 
observed. 
These results were obtained by the observation of only one cross-section for each specimen. 
Thus, there is a possibility that the adhesion area exists at the cross-section which was not 
observed in these specimens. However, these specimens are likely to have quite small adhesion 
areas. Further, these results predict that Al and Cu particles deposited on each substrate at the 















Fig. 3.9 Cross-sectional SEM images of an Al particle deposited on a Ni substrate at 333 m/s 
and the schematic illustration; (a) the low magnification image, the high magnification images 



















Flattened by polishing for ion milling  








Fig. 3.10 Cross-sectional SEM images of an Al particle deposited on a Cu substrate at 311 m/s 
and the schematic illustration; (a) the low magnification image, the high magnification images 


























Fig. 3.11 Cross-sectional SEM images of an Al particle deposited on an Al substrate at 374 m/s 
and the schematic illustration; (a) the low magnification image, the high magnification images 


























Fig. 3.12 Cross-sectional SEM images of an Al particle deposited on a S15C substrate at 469 
m/s and the schematic illustration; (a) the low magnification image, the high magnification 




























Fig. 3.13 Cross-sectional SEM images of an Al particle deposited on a Ti substrate at 521 m/s 
and the schematic illustration; (a) the low magnification image, the high magnification images 



























Fig. 3.14 Cross-sectional SEM images of a Cu particle deposited on a Cu substrate at 230 m/s 
and the schematic illustration; (a) the low magnification image, the high magnification images 


























Fig. 3.15 Cross-sectional SEM images of a Cu particle deposited on a Ni substrate at 267 m/s 
and the schematic illustration; (a) the low magnification image, the high magnification images 


























Fig. 3.16 Cross-sectional SEM images of a Cu particle deposited on a S15C substrate at 285 
m/s and the schematic illustration; (a) the low magnification image, the high magnification 



























Fig. 3.17 Cross-sectional SEM images of a Cu particle deposited on a Ti substrate at 309 m/s 
and the schematic illustration; (a) the low magnification image, the high magnification images 



























Fig. 3.18 Cross-sectional SEM images of a Cu particle deposited on an Al substrate at 559 m/s 
and the schematic illustration; (a) the low magnification image, the high magnification images 




















3.3.3.2 High particle velocity impact 
Figures 3.19-27 show that the cross-sectional SEM images of Al and Cu particles deposited 
on each substrate at sufficiently higher particle velocity than the critical velocity (approximately 
100 m/s higher). In the case of the Al particles deposited on the Ni, Cu and Al substrates, the 
adhesion areas were obviously getting larger owing to the higher particle velocities. And also, 
the adhesion areas at the interface between the deposited Cu particles and the Cu, Ni, S15C, 
and Ti substrates were obviously getting larger. 
As previously mentioned, the critical velocities of the Al particles deposited on the 
aforementioned three substrates were relatively low. This result indicates that not only the low 
critical velocity, but also the relatively high adhesion strength will be obtained in the impact 
process on these three substrates. However, as shown in Figs. 3.19-21, complete adhesions at 
whole area of the interface between the Al particle and these three substrates have not been 
achieved even by the particle impacts with these high particle velocities. The non-adhesion 
areas were also observed at the interface between the Cu particles and the aforementioned four 
substrates (Figs. 3.24-3.27). These non-adhesion areas seem to be frequently formed at the 
bottom of particle. 
This kind of non-adhesion area have been observed at the interface between an actual cold 
sprayed metallic particles and a metallic substrate1)-3). In actual cold spray process, numerous 
particles with a wide range of particle velocity impact on a substrate. This means that even if 
the mean particle velocity is sufficiently higher than the critical velocity, some particles have 
velocities close to the critical velocity. These particles deposited at low velocities are expected 
to induce low cohesion strength between particles and low adhesion strength between particles 
and a substrate. Furthermore, even if particles having sufficiently higher particle velocities than 
the critical velocity impact on a substrate, the imperfect adhesion might lead to low mechanical 
property. 
In the case of the Al particles deposited on the S15C and Ti substrates, in contrast, the adhesion 
area was not or hardly observed at the particle/substrate interface in spite of the sufficiently 
high particle velocity. As previously mentioned, the critical velocities of Al particles deposited 
on these two substrate materials are exceedingly higher than those on the other substrate 
materials. This result also indicates that it is difficult to obtain the high adhesion strength in 
these substrates even at sufficiently high particle velocity. In the same way, the Cu particle 
could not adhere to the Al substrate even at the velocity of 693 m/s, although the Cu particle 








Fig. 3.19 Cross-sectional SEM images of an Al particle deposited on a Ni substrate at 440 m/s 
and the schematic illustration; (a) the low magnification image, the high magnification images 

























Fig. 3.20 Cross-sectional SEM images of an Al particle deposited on a Cu substrate at 432 m/s 
and the schematic illustration; (a) the low magnification image, the high magnification images 


























Fig. 3.21 Cross-sectional SEM images of an Al particle deposited on an Al substrate at 479 m/s 
and the schematic illustration; (a) the low magnification image, the high magnification images 
























Fig. 3.22 Cross-sectional SEM images of an Al particle deposited on a S15C substrate at 586 
m/s and the schematic illustration; (a) the low magnification image, the high magnification 





























Fig. 3.23 Cross-sectional SEM images of an Al particle deposited on a Ti substrate at 595 m/s 
and the schematic illustration; (a) the low magnification image, the high magnification images 


























Fig. 3.24 Cross-sectional SEM images of a Cu particle deposited on a Cu substrate at 313 m/s 
and the schematic illustration; (a) the low magnification image, the high magnification images 

























Fig. 3.25 Cross-sectional SEM images of a Cu particle deposited on a Ni substrate at 399 m/s 
and the schematic illustration; (a) the low magnification image, the high magnification images 

























Fig. 3.26 Cross-sectional SEM images of a Cu particle deposited on a S15C substrate at 380 
m/s and the schematic illustration; (a) the low magnification image, the high magnification 


























Fig. 3.27 Cross-sectional SEM images of a Cu particle deposited on a Ti substrate at 446 m/s 
and the schematic illustration; (a) the low magnification image, the high magnification images 























In order to find out the critical velocities of pure aluminum (Al) and pure copper (Cu) particles 
having a diameter of 1 mm impacting five types of metallic substrate materials using a single 
particle impact testing system (SPITS) developed in the last chapter, the deposition behaviors 
at various particle velocities the microstructure of deposited particle were investigated in detail, 
leading to the following main conclusions: 
1) A lot of impact tests revealed the strong dependences of the deposition behaviors and the 
critical velocities of the Al and Cu particles on the substrate materials.  
2) The critical velocities of the Al particles impacting the pure nickel (Ni), Cu, Al, low carbon 
steel (JIS code: S15C), and titanium (Ti) substrates were evaluated to be 296 m/s, 301 m/s, 
353 m/s, 432 m/s, and 500 m/s. 
3) The critical velocities of the Cu particles impacting these five substrate materials were 
evaluated to be 260 m/s, 216 m/s, 559 m/s, 282 m/s, and 294 m/s. 
4) The microstructure observations of the deposited Al an Cu particles impacting these 
substrates at the velocities close to the critical velocities revealed that the adhesion areas 
were hardly formed at the particle/substrate interfaces by the near critical velocity impacts. 
5) The microstructure observations of the deposited Al an Cu particles impacting these 
substrates at the sufficiently high particle velocities confirmed that the non-adhesion areas 
were remaining at the particle/substrate interfaces, although the adhesion areas tended to 
be getting larger. 
6) These microstructure observations indicated that the imperfect adhesion might be one of 
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Identification of Dominant Factors on 




In Chapter 3, pure aluminum (Al) and copper (Cu) particles having a nominal diameter of 1 
mm were impacted at various particle velocities on five types of metallic substrate materials 
using single particle impact testing system (SPITS). The results of a lot of impact tests revealed 
that the deposition behaviors, and hence the critical velocities, of the impacting Al and Cu 
particles depend strongly on the substrate materials. In the case of Al particle, the critical 
velocity for particle deposition on titanium (Ti) substrate was more than 200 m/s higher than 
that on nickel (Ni) substrate. In the case of Cu particle, the difference between the minimum 
and maximum critical velocities in these five substrates was more than 300 m/s, as well. These 
significant differences stem from just the substrate materials having different mechanical 
properties and different surface conditions. Therefore, a fundamental understanding of the 
deposition mechanism is essential to identify the dominant factors that lead to these large 
differences. 
The mechanism governing the deposition of cold sprayed metallic particles has been 
extensively investigated1)-7). The following process is believed to be the most probable of the 
suggested mechanisms. In general, natural oxide films are forming on the surfaces of metallic 
materials. These oxide films become broken and new-born surfaces are generated by severe 
plastic deformations of a particles and a substrate, during a high velocity impact process. 
Subsequently, a metallic bond is formed by an intimate contact of the new-born surfaces on the 
particle and the substrate. The particle can therefore be deposited on the substrate if the energy 
required for its separation from the substrate is larger than the rebound energy converted from 
the elastic energy. As such, four contributory factors to particle deposition via the SPITS are 
identified. These are: bonding energy resulting from contact of new-born surfaces, rebound 
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energy, amounts of plastic deformations the particle and substrate undergoes, and removability 
of natural oxide films. 
In this chapter, in order to identify the most dominant factors on the particle deposition, 
contributions of these four factors to the deposition behaviors of both Al and Cu particles were 
mainly investigated in detail. The bonding energies for the combination of particle materials 
with each substrate material were estimated by performing a molecular dynamics (MD) 
simulation. The rebound velocities corresponding to the rebound energy were measured by a 
high speed camera, and estimated by using finite element method (FEM) simulation as well. 
The particle deformation ratio and depth of the crater (associated with the amount of plastic 
deformation) on each substrate were also determined. Furthermore, the removability of the 





















4.2 Experimental procedure 
4.2.1  Materials 
High purity Al particles (>99.99wt.%, Ohashi Steel Ball Corporation, Japan) and pure Cu 
particles (>99.96wt.%, Ohashi Steel Ball Corporation, Japan) having a nominal diameter of 1 
mm were used in this study. The both Al and Cu particles were annealed and chemically 
polished under same conditions described in Chapter 3. Five types of materials, pure Al 
(>99.7wt.%), pure Cu (>99.96wt.%), pure Ni (>99wt.%), pure Ti (>99wt.%), and low carbon 
steel (JIS code: S15C, 0.15wt.%C), were used as substrates. These substrates have cylindrical 
shapes, each with a size of φ16 × 15 mm, and like the particles, were annealed under an air 
atmosphere. The annealing conditions and hardness of each substrate were also same conditions 
listed in Table 3.2 in Chapter 3. After annealing, the surfaces of all the substrates were mirror-
polished using diamond paste and colloidal silica. 
 
 
4.2.2  Single particle impact test 
The Al and Cu particles were impacted on the aforementioned five substrate materials via the 
SPITS; the structure and working process were previously shown in Chapter 2. Two types of 
inert gas, nitrogen (N2), and helium (He), were used as carrier gases in order to obtain various 
particle velocities. The use of N2 and He gases resulted in relatively low (<350 m/s) and high 
(>350 m/s) particle velocities, respectively. The pressure in the vacuum chamber was reduced 
to ~0.5 kPa prior to particle impact. The particle velocity was measured using two continuous 
wave semiconductor lasers (LDU33, SIGMAKOKI CO., LTD., Japan) that were placed at 60-
mm intervals. The intensity of lasers was detected by two high speed photodiodes 
(SIGMAKOKI CO., LTD., Japan). The time gap between these two lasers, owing to the particle, 
was detected by an oscilloscope (DCS-7506, TEXIO technology corporation, Japan). A fixed 
sampling frequency of 5 MHz was used during the measurements. The particle velocity can be 
accurately calculated from the distance between the two lasers divided by the time gap. The 






4.2.3  MD simulation 
The bonding energy between Al and each substrate material was estimated via an MD 
simulation, performed by using a free MD code “LAMMPS”, which was developed by Sandia 







      (4-1) 
where EP and ES are the total potential energies of a crystal model of particle material and a 
crystal model of substrate material, respectively; EPS represents the total potential energy of a 
combined crystal model of the particle material and the substrate material; Ainterface is the area 
of the interface between the particle material and the substrate material in the combined crystal 
model. These crystal models were built up by using a software (Material Studio 4.3, Accelrys 
Software Inc., France). The images of individual crystal models of Al and Cu and combined 
crystal model of Al and Cu are shown in Fig. 4.1. These potential energies were determined 
during the simulation. The results of the simulation depend strongly on the calculation model 
and empirical interatomic potential used. To simplify the simulation, the crystal model of pure 
iron (Fe) were used rather than that of the low carbon steel. In this study, a single crystal was 
assumed and the slip surfaces of each material were selected as the bonding surfaces; the slip 
surface (1 1 1) was employed for Al, Cu, and Ni as a fcc lattice, then, the slip surfaces (0 0 0 1) 
and (1 1 0) were selected for Ti as a hcp lattice and Fe as a bcc lattice, respectively. In addition, 
the strain resulting from the lattice mismatch was suppressed. As shown in Fig. 4.2, this was 
achieved by defining the width and length of each crystal model such that integral multiples of 
the lattice constants of particle materials and substrate materials were approximately equal. 
The crystal models of individual materials were composed of approximately 50,000 atoms. 
Moreover, the general embedded atom method (EAM) potential was used as the empirical 
interatomic potential. In the EAM potential, the total potential energy (E) of the crystal is 
expressed as follows, 














       (4-3) 
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where φij is the pair energy between atoms i and j separated by a distance rij. Then, Fi is the 
embedding energy associated with embedding an atom i into a local site with an electron density 
ρi. fj(rij) stands for the electron density at the site of atom i arising from atom j at a distance rij 
away. The generalized elemental pair potential φ(r), the electron density function f(r), and the 






































































   (4-6) 
where re represents the equilibrium spacing between nearest neighbors, A, B, α, and β are four 
fitting parameters, and κ, λ are two additional parameters for the cut off. In order to obtain 
embedding energy functions that are working well over a wide range of electron density, three 
embedding energy functions F(ρ) are used to separately fit three different electron density 


































































eFF    (4-9) 
where ρe is the equilibrium electron density. For a smooth variation of the embedding energy, 
these equations are required to match values and slopes at their junctions. These EAM 
parameters of each material were obtained from the literature9). The simulations were run under 
periodic boundary conditions until equilibration of the total potential energies was achieved at 








Fig. 4.1 Individual and combined crystal models for MD simulation. (a) crystal model of Al, 













Table 4.1 EAM parameters for each material9). 
 Al Cu Ni Ti Fe 
re 2.863924 2.556162 2.488746 2.933872 2.481987 
f
e
 1.403115 1.554885 2.007018 1.863200 1.885957 
ρ
e
 20.418205 21.175871 27.562015 25.565138 20.041463 
ρ
s
 23.195740 21.175395 27.930410 25.565138 20.041463 
α 6.613165 8.127620 8.383453 8.775431 9.818270 
β 3.527021 4.334731 4.471175 4.680230 5.236411 
A 0.134873 0.396620 0.429046 0.373601 0.392811 
B 0.365551 0.548085 0.633531 0.570968 0.646243 
κ 0.379846 0.308782 0.443599 0.5 0.170306 
λ 0.759692 0.756515 0.820658 1.0 0.340613 
F
n0
 -2.807602 -2.170269 -2.693513 -3.203773 -2.534992 
F
n1
 -0.301435 -0.263788 -0.076445 -0.198262 -0.059605 
F
n2
 1.258562 1.088878 0.241442 0.683779 0.193065 
F
n3
 -1.247604 -0.817603 -2.375626 -2.321732 -2.282322 
F
0
 -2.83 -2.19 -2.70 -3.22 -2.54 
F
1
 0 0 0 0 0 
F
2
 0.622245 0.561830 0.265390 0.608587 0.200269 
F
3
 -2.488244 -2.100595 -0.152856 -0.750710 -0.148770 
η 0.785902 0.310490 0.469000 0.558572 0.391750 
F
e






4.2.4  Observation by high speed camera 
The rebound velocities, which represent the rebound energies, of Al and Cu particles impacted 
on each substrate during single particle impact testing, were evaluated over a wide range of 
particle velocities, by using a high speed camera (FASTCAM SA1.1, PHOTRON LIMITED, 
Japan). The appearance of rebound velocity measurement system with high speed camera is 
shown in Fig. 4.3. However, evaluation of the ideal rebound velocity is difficult, owing to the 
energy loss resulting from partial bonding between a particle and a substrate. In order to 
suppress the energy loss, the substrate surfaces were covered with thin coatings that consist 
mainly of fluorine (Novec2702, 3M Japan Limited, Japan) and which are only a few microns 
thick. The particle materials of Al and Cu interact less with this coating than with the substrate 
materials. In addition, owing to its low thickness, the coating has negligible effect on the ideal 
rebound phenomenon. Therefore, rebound velocities similar to the ideal values are expected. 
Images with a resolution of 1,024 × 1,024 pixels were acquired at a speed and exposure time of 










4.2.5  FEM simulation 
FEM simulations were conducted for the estimation of rebound velocity. The three 
dimensional models that represents the impact of a spherical Al or Cu particle with diameter of 
1 mm on each substrate material having a diameter of 16 mm and height of 15 mm were 
constructed using commercial FEM software (ABAQUS/CAE 6.13-4, Accelrys Software Inc., 
France). The calculation model is shown in Fig. 4.4. Quarter models of a particle and a substrate 
were used to reduce the simulation time. Hexahedral mesh was employed, and the mesh sizes 
for the whole of particle and a small part of substrate near impact region were fixed at 60 μm. 
A linear Mie-Gruneisen equation of state (EOS) was employed as an elasticity model instead 
of elastic constant10). The EOS makes sense in this kind of high velocity impact phenomenon. 
The general EOS is expressed as, 
 HmH EEpp        (4-10) 

0
0       (4-11) 
where p, pH, ρ, Em and EH stand for hydrostatic stress, Hugoniot pressure, density, internal 
energy per unit mass and specific energy, respectively. Γ represents Gruneisen ratio given as 
equation (4-11) using material constant Γ0 and reference density ρ0. The special EOS providing 

























     (4-12) 
where c0 stands for soundspeed in material. η and s are nominal volumetric strain for 
compression and material constant satisfying the following equation, 


 01       (4-13) 
ps sUcU  0       (4-14) 
In the FEM simulation, the values of ρ0, c0, Γ0 and s obtained from some literatures11-13) were 
input, as summarized in Table 4.2. 
The plastic deformation of metallic material was assumed to comply with the Johnson-Cook 










































  (4-15) 
where σ, pl , pl , 0 , Tm and Tref stand for yield stress, equivalent plastic strain, equivalent 
plastic strain rate, reference strain rate, melting temperature and reference temperature, 
respectively. A, B, C, n and m are the material constants, generally called Johnson-Cook 
parameters. The parameters for each material15), 16) are also shown in Table 4.2. In this equation, 
the first term on the right-hand side corresponds to work hardening, the second term represents 
strain rate hardening, and the third term is associated with thermal softening. 
Then, it was assumed that 90% of the plastic strain energy dissipates into heat. In order to 
evaluate the ideal rebound velocity of impacting particle, the interaction between a particle and 
a substrate, such as friction or adhesion, was not taken into account. ALE adaptive meshing 
was performed to suppress exceeding deformations of each mesh, in particular, near 
particle/substrate interface. The impact of an Al or Cu particle having a diameter of 1 mm on 









Table 4.2 Parameters used for the FEM simulation11)-16). 
 Al Cu Ni Ti S15C 
Density (kg/m3) 2700 8960 8200 4510 7890 
Shear modulus (GPa) 27.1 48.0 79.2 43.3 77.5 
c0 (m/s) 5386 3490 4119 5020 4588 
s 1.34 1.49 1.80 1.57 1.40 
Γ0 1.97 1.99 1.88 1.23 1.16 
A (MPa) 80 90 163 286 350 
B (MPa) 120 292 648 566 275 
C 0.008 0.025 0.006 0.049 0.022 
n 0.73 0.31 0.33 0.59 0.36 
m 1.70 1.09 1.44 0.66 1.00 
0  1 1 1 1 1 
Tm (K) 923 1356 1725 1923 1811 
Tref (K) 298 298 298 298 298 
Thermal conductivity (W/m·K) 222 386 91 17 53 
Specific heat (J/kg·K) 933 383 446 528 452 
 
 
4.2.6  Deformation ratio and crater depth measurements 
The amounts of plastic deformation experienced by the particle and the substrate were 
determined by calculating the deformation ratio of the particle and measuring the depth of the 
crater formed on a substrate by the particle impact. The deformation ratio was defined as the 
mean diameter of the deposited particle divided by its initial diameter. The deposited particles 
were examined via scanning electron microscopy (SEM) and the mean diameter was 
determined from top view images. Figure 4.5 shows the measurement method of mean diameter 
95 
 
of deposited particle from SEM image. The particle deformation ratio (ξ) is calculated from 





221      (4-16) 
In addition, the depth of the crater on each substrate was measured by using a laser microscope 
(VK-X100, KEYENCE Corporation, Japan). This depth is then used to estimate the new-born 
surface area, generated during plastic deformation and defined as the difference between the 
surface areas on a substrate before and after impact; these areas were denoted as S1 and S2, 
respectively. As shown in Fig. 4.6, if the crater is assumed to be roughly hemispherical, then 
the surface area of the crater (S1) is given as, 
drS 11 2       (4-17) 
where r1 and d are the radius of the assumed hemisphere and the depth of the crater, respectively. 
Then, the area before deformation (S2) is simply expressed as the follow equation using the 
radius of the area (r2), 
2
22 rS        (4-18) 










       (4-19) 
Hence, the new-born surface area is given as, 
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4.2.7  XPS analysis 
The removability of the natural oxide film on each particle and substrate material was 
evaluated via XPS analysis. A Quantum 2000 Scanning ESCA Microprobe (ULVAC-PHI, Inc., 
Japan) shown in Fig. 4.7 was used as the XPS equipment. Obtained photoelectron spectrums 
were treated by a software (MultiPak Ver.9.5.0.8, ULVAC-PHI, Inc., Japan). In this spectrum 
analysis, background for each element was defined via Shirley method. The regions of 
background energies for each element summarized in Table 4.3 were used. During the XPS 
analysis, the oxygen content on a particle surface or a substrate surface were determined, and 
Ar sputtering was performed for appropriate durations, in order to reduce the oxygen content 
gradually. An X-ray spot size of 100 μm was used, and the accelerating voltage of the Ar ions 
and the sputtering area were fixed at 2 kV and 2 mm2, respectively. 
If the sputtering condition is the same, Ar sputtering time corresponds to the total input energy. 
Under this situation, the Ar sputtering time required for the complete removal of oxygen 
represents the removability of the natural oxide film. However, the sputtering rate is sometimes 
fluctuated by some mechanical factors in the XPS equipment, such as the condition of ion beam 
gun. In order to directly compare the Ar sputtering times for each material obtained in different 
experiments, the sputtering rates of silicon dioxide film were measured before every 
experiments. In this study, the time required for a 90% decrease in the initial oxygen content 








Table 4.3 Regions of background energies for each element. 
Element Line Pos. (eV) 
Region of background energy (eV) 
Upper Lower 
O 1s - 531 538 526 










































4.3.1  Bonding energy 
The bonding energies between each material combinations are summarized in Fig. 4.8, as 
determined from MD simulations. In the case of the interactions between Al and these five 
materials, the Al-Fe and Al-Al bonding energies are the highest and lowest, respectively. This 
indicates that the interfacial bonding strengths between Al and the other substrate materials are 
higher than the strength of bulk Al. In addition, Al has obviously the lowest tensile strength of 
the five materials. The weakest region in the vicinity of the interface between the Al particle 
and each substrate is therefore expected to lie in the Al, rather than at the bonding interface. 
Consequently, the behavior of the particle during deposition is influenced by the strength of 
bulk Al, rather than the interfacial bonding strength. 
In the case of the interactions between Cu and these five materials, the Cu-Fe and Cu-Al 
bonding energies are lower, on the other hand, the Cu-Ti and Cu-Ni bonding energies are higher 
than the Cu-Cu. In the same way, the weakest region in the vicinity of the interface between the 
Cu particle and Ti or Ni substrate is therefore expected to lie in the Cu particle. Then, the Cu-
Al bonding energy is higher than the Al-Al. Al has lower tensile strength than Cu as well. These 
mean that the weakest region in the vicinity of the interface between the Cu particle and Al 
substrate probably lies in the Al substrate. The Cu-Fe bonding has lower energy than the Cu-
Cu bonding. In addition, pure Cu has a lower tensile strength generally than S15C. 
Consequently, the weakest regions near the interface between the Cu particle and the S15C 
substrate is likely to be the interface. 
These results were, however, obtained under only one simulation condition. The bonding 
energies calculated during this type of simulation vary with the simulation conditions, for 
example, the crystal orientations of the contact surfaces. Therefore, further numerical 











Fig. 4.8 Bonding energies between each material combinations obtained from MD simulations.  
 
 
4.3.2  Rebound velocity 
4.3.2.1  Al particle impact process 
The rebound velocities of Al and Cu particles impacted on each substrate material were 
directly measured by a high speed camera. A typical composite image of a rebound particle is 
shown in Fig. 4.9. The rebound directions of the particles were typically not completely 
perpendicular to the substrate surfaces, owing primarily to the incidence angle of the impacted 
particle. In addition, the reflection angle of the depth direction cannot be evaluated from this 
image and hence direct evaluation of the rebound energy is difficult. This drawback was 
overcome by evaluating the vertical components of the rebound velocities with respect to the 








Fig. 4.9 Typical composite image of a rebound particle, captured by a high speed camera. 
 
 
Figure 4.10 shows the relationship between the particle velocity and the vertical component 
of the rebound velocity of an Al particle impacted on each substrate material. In the case of the 
Ni and Cu substrates, the critical velocities were both ~300 m/s. However, owing to the coatings 
with fluorine, the particles could not be deposited on these substrates even at velocities higher 
than 450 m/s. This indicates that the coating led to an effective decrease in the bonding energy 
between the particle and the substrate. In the case of Ni, Cu, S15C, and Ti substrates, the 
rebound velocities decreased slightly (in general) with increasing particle velocities of 170 m/s-
350 m/s and increased thereafter; the rate of increase varied, however, with the substrate 
material. In contrast, the rebound velocities were almost constant regardless of the particle 
velocities on the Al substrate. Figure 4.11 shows the rebound velocity obtained by FEM analysis 
for an Al particle impacting each substrate material. At particle velocities of 150 m/s and 300 
m/s, the FEM results agreed rather well with the experimentally obtained rebound velocities. 
In addition, except for the results of Al and Cu substrates, the increasing tendencies of rebound 
velocities at particle velocity of 450 m/s obtained by the FEM analyses were close to the 
increasing tendencies observed in Fig. 4.10. These results confirmed that the experimentally 
evaluated rebound velocities are similar to the ideal rebound velocities. Although the FEM and 
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experimental results for the Al and Cu substrates were different from each other at ~450 m/s, 
the difference is not so important in the consideration of deposition behaviors because of the 
sufficiently lower critical velocities than 450 m/s on the aforementioned substrates. 
The experimentally evaluated rebound velocities reveal two distinct trends of the critical 
velocities shown in Fig. 3.5 in Chapter 3. First, similar rebound velocities were obtained on the 
substrate materials, except for Al; at a particle velocity of ~300 m/s, the rebound velocities on 
the Al substrate were significantly higher than those on the other substrates. Second, for 
velocities >350 m/s, the rebound velocities on the S15C and Ti substrates increased 
substantially with increasing particle velocity. As previously mentioned, the deposition of Al 
particles on Ni and Cu substrates began at ~300 m/s. The particles could not be deposited, 
however, on the S15C and Ti substrates, despite the similarity among the rebound velocities at 
~300 m/s. This indicates that the lower critical velocities on the Ni and Cu substrates, compared 
to those on other substrates, do not result from the rebound velocities. In other words, the 
rebound velocity constitutes only one, rather than the predominant, factor that influences Al 
particle deposition on these substrate materials. The significant increase in the rebound 
velocities at particle velocities >350 m/s probably contributes, however, to the exceedingly high 

















Fig. 4.10 Relationship between the particle velocity and the vertical component of the rebound 
velocity of an Al particle impacting each substrate material. 
 
 
Fig. 4.11 Rebound velocity obtained by FEM analysis for an Al particle impacting each 
substrate material as a function of particle velocity. 
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4.3.2.2  Cu particle impact process 
First of all, Fig. 4.12 shows the time-lapse images of Al substrate surface immediately after 
Cu particle impact at 561 m/s, that is more than the critical velocity (559 m/s), captured by high 
speed camera. As evidenced by this figure, it was observed that once the rebound Cu particle 
attempted to get out of the crater formed on the surface of Al substrate (the attempt could not 
be accomplished), the particle was eventually trapped in the crater. This means that the Cu 
particles considered successful depositions on the Al substrates, which were represented by 
circles in Fig. 3.5, resulted from mechanical trapping; i.e., the deposition of Cu particle resulting 
from metallic bonding between a particle and a substrate did not take place. Consequently, it is 
expected that the exceedingly high critical velocity of Cu particle impacting Al substrate has 
totally different meaning from those on the other substrates. 
Figure 4.13 shows the relationship between the particle velocity and the vertical component 
of the rebound velocity of a Cu particle impacted on each substrate material. In the case of Al, 
Ni, Ti and S15C substrates, the rebound velocities were almost constant regardless of increasing 
particle velocities of 160 m/s-330 m/s; in this regard, however, the rebound velocity tended to 
decrease slightly at particle velocity of around 275 m/s on the S15C substrate. In addition, these 
rebound velocities were similar to each other at the velocities close to the critical velocity on 
Cu substrate (216 m/s). The significant decrease of rebound velocity on the Al substrate near 
the critical velocity is attributed definitely to the mechanical trapping. In contrast, the rebound 
velocity decreased obviously with increasing particle velocities of 150 m/s-250 m/s and 
increased slightly thereafter on the Cu substrate. Furthermore, at the velocity close to the critical 
velocity, the rebound velocity indicated significantly lower value, approximately half of those 
on the other substrates. 
Figure 4.14 shows the rebound velocity obtained by FEM analysis for an Cu particle impacting 
each substrate material. In the case of the Ni, S15C, and Ti substrates, the FEM results agreed 
rather well with the experimentally obtained rebound velocities. In the FEM simulation, a Cu 
particle was impacted on an Al substrate at the velocities significantly lower than 559 m/s. 
Nevertheless, the Cu particle was mechanically trapped in the crater formed on the Al substrate 
at 300 m/s. Figure 4.15, which shows the alteration of velocity of Cu particle with an initial 
velocity of 300 m/s impacting Al substrate, confirms the evidence. Once the Cu particle got 
relatively high rebound velocity of approximately 15 m/s, subsequently, the velocity decreased 
up to the sub-zero point. This result indicates that the rebound velocity tends to increase with 
increasing particle velocity, if the particle is not trapped by the crater. The stable rebound 
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velocity, regardless of particle velocity observed in the experimental result of Al substrate, 
might be attributed to the mechanical trapping. 
In the case of Cu substrate, the experimentally obtained rebound velocities were significantly 
lower than the FEM results. In the same way as MD simulation, the FEM results depend 
strongly on the simulation conditions, such as mesh size, constitutive equation for plastic 
deformation, parameter for the equation, contact model between particle and substrate, and so 
on. These difference confirmed in the results of Al and Cu substrates probably stemmed from 
the accuracy of FEM simulation. Therefore, the experimental results probably make more sense. 
The experimental results indicate that the lower rebound velocity on the Cu substrate, compared 
to those on the other substrates, contributes to the significantly lower critical velocity. However, 





Fig. 4.12 Time-lapse images of Al substrate surface immediately after Cu particle impact at 
561 m/s captured by high speed camera. 
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Fig. 4.13 Relationship between the particle velocity and the vertical component of the rebound 
velocity of an Cu particle impacting each substrate material. 
 
 
Fig. 4.14 Rebound velocity obtained by FEM analysis for a Cu particle impacting each 





Fig. 4.15 Alteration of velocity of Cu particle with an initial velocity of 300 m/s impacting an 
Al substrate in FEM simulation. 
 
 
4.3.3 Plastic deformation amount of particle and substrate 
4.3.3.1  Al particle impact process 
Figure 4.16 shows the deformation ratio of the Al particle deposited on each material, as a 
function of the particle velocity. The deformation ratio increases with increasing values of the 
particle velocity, in all cases. The deformation ratios can be classified into two groups, namely, 
those associated with the Al substrate and with the other substrate materials, respectively. The 
former set of ratios is significantly lower than the latter set. However, as previously mentioned, 
the Al particle can be deposited on the Al substrate at particle velocities higher than 353 m/s, 
i.e., the corresponding deformation ratio is sufficient for deposition. The deformation ratios of 
the other materials all increase steadily with increasing particle velocity. Therefore, similar 
amounts of new-born surface areas are generated on the Al particles during plastic deformation 
of these materials. However, a higher amount of areas is generated on these materials than on 
the Al substrate. 
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The new-born surface area, estimated from the depth of the crater on each substrate material, 
is plotted as a function of the particle velocity in Fig. 4.17. The results indicate that the Al 
substrates will be moderately plastically deformed by the impact of the Al particle. In other 
words, the amount of new-born surface area on the Al substrate, increases with increasing 
particle velocity, and is substantially larger than those on the other substrates. However, the 
craters on the other substrate materials were less easily deformed than those on the Al substrate, 
and negligible amounts of new-born surface areas were formed, especially on the S15C and Ti 
substrates. The new-born surface areas formed on each substrate material can therefore be 
classified into two groups, as in the case of the deformation ratios of the Al particle. Except for 
Al, the substrate materials have significantly higher hardness (Table 3.1), associated with the 
yield stress, than the Al particle; these materials also have higher densities and larger Young’s 
moduli than the Al particle. This difference in mechanical properties led to severe and only 
slight plastic deformation of the particle and the substrates, respectively, during the impact 
processes. In contrast, during the impact process on the Al substrate, the particle and the 




Fig. 4.16 Deformation ratio of an Al particle deposited on each substrate material as a function 





Fig. 4.17 New-born surface area estimated from the depth of the crater on each substrate 
material formed by Al particle impact as a function of the particle velocity. 
 
 
4.3.3.2  Cu particle impact process 
Figure 4.18 shows the deformation ratio of the Cu particle deposited on each material, as a 
function of the particle velocity. The former increases with increasing values of the latter, in all 
cases. Differently from the case of Al particle, the deformation ratios can be classified into three 
groups, namely, those associated with the Cu substrate, with the Al substrate, and with the other 
substrate materials, respectively. This means that the Al substrate caused the insignificant 
deformation ratio, and the Ni, Ti and S15C substrates resulted in the sufficiently high 
deformation ratios, as compared to the Cu substrate. In the case of Cu substrate, the Cu particle 
can be deposited on it at particle velocities higher than 216 m/s. In contrast, the Cu particle 
cannot be deposited on the Al substrate, although the particle is mechanically trapped in the 
crater formed on the substrate at particle velocities higher than 559 m/s. Based on these facts, 
the deformation ratio on the Cu substrate can be regard as a moderate plastic deformation of Cu 
particle for deposition. Negatively, the Al substrate, which has lower hardness, caused the 
110 
 
extremely lower deformation ratio as compared to the Cu substrate. Moreover, the increasing 
trend of the ratio was very slow against the increase of particle velocity. In this case, the plastic 
deformation amount of Cu particle seems to be not enough to satisfy the criteria for deposition. 
In the case of the Ni, Ti and S15C, the deformation ratios were significantly higher than that of 
Cu substrate. Consequently, the plastic deformations of Cu particle are sufficient for deposition. 
Figure 4.19 shows the new-born surface area estimated from the depth of the crater on each 
substrate material. The results indicate that new-born surface area of the Al substrate generated 
by the impact of the Cu particle is amazingly large regardless of relatively low particle velocity 
of ~200 m/s. And also, the Cu substrates were moderately plastically deformed; the new-born 
surface area indicated similar value to that formed on the Al substrate by the Al particle impact, 
as previously shown in Fig. 4.16. However, the craters on the other substrate materials were 
less easily formed than those on the Cu substrate. The new-born surface areas on each substrate 
material can therefore be classified into three groups, as in the case of the deformation ratios of 
the Cu particle. In the impact process of Cu particle on the Al substrate, the insignificant plastic 
deformation of Cu particle and the exceedingly large plastic deformation of Al substrate were 
attributed mainly to the lower hardness of the Al substrate than that of the Cu particle. In 
contrast, in the case of the Ni, Ti, and S15C substrates, the differences between the mechanical 
properties of Cu particle and the aforementioned substrates resulted in the large plastic 
deformation of Cu particle and the insignificant plastic deformation of these substrates. In the 
impact process on the Cu substrate, the similar mechanical properties of Cu particle and 













Fig. 4.18 Deformation ratio of a Cu particle deposited on each substrate material as a function 
of the particle velocity. 
 
 
Fig. 4.19 New-born surface area estimated from the depth of the crater on each substrate 
material formed by Cu particle impact as a function of the particle velocity. 
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4.3.4  Removability of natural oxide film 
Figure 4.20 shows the depth profiles of atomic concentration on the surfaces of each substrate. 
In these figures, the zero Ar sputtering time indicates the profile of just the surface. As mainly 
oxygen (O) and Al were detected from Al substrate before Ar sputtering, the surface is being 
covered by the natural oxide film. With increasing Ar sputtering time, atomic concentration of 
O slowly decreased, instead, that of Al increased. This depth profile was relatively similar to 
that on Ti substrate shown in Fig. 4.20 (d). In a strange way, a small amount of Ni was detected 
from the Al substrate after Ar sputtering for 1 min, and removed before O completely 
disappeared. According to these facts, the detected Ni is presumed to be originated from the 
polishing process of the substrate surface. A same buff was used many times not only for 
polishing of Al substrate, but also for the other substrates. The Al substrate was probably 
polished via the buff contaminated by polishing of Ni substrate. In this regard, however, the 
detected Ni is negligible for evaluation of deposition behavior, because it was small amount, 
and that, it was in the oxide film. In the case of the Cu and Ni substrates, O disappeared 
immediately and Cu or Ni sharply increased with Ar sputtering. Then, O detected from S15C 
substrate also rapidly decreased, as compared to the result of Al substrate. No other elements, 
such as contamination, was detected from these substrates without Al substrate. 
The depth profile of atomic concentration on the surface of Al and Cu particles are shown in 
Fig. 4.21. In both Al and Cu particles, the reduction behaviors of O by Ar sputtering were quite 
similar to those on the substrates. This means that there are no differences between the thickness, 
i.e., removability of oxide films on the particles and the substrates. However, these oxide films 
were formed not under natural air atmosphere but under the acid solutions. In the case of Al 
particle, the particles were treated by the acid solution including H3PO4. As the results, the 
oxide film containing a little bit of P was formed on the surface. In addition, a tiny amount of 
Cu was also detected. Although the presence of Cu does not make sense, there is a bare 
probability of contamination of the acid solution used for Al particles, because the Cu 
disappeared before O was completely removed. The influence of this Cu on particle deposition 
is also negligible owing to the tiny amount. In the case of Cu particle, not only Cu and O, but 
also a large amount of carbon (C) were detected from the surface. Normally, carbon resulting 
from organic adsorption under general air atmosphere can be easily removed by ultrasonic 
cleaning. Regardless of ultrasonic cleaning within acetone, a lot of carbon was remaining on 
the surface. This fact indicates that the detected carbon was originated from the chemical 
polishing process. However, the carbon content immediately decreased by Ar sputtering, that 
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Fig. 4.20 Atomic concentration on a substrate surface detected by XPS analysis as a function 
of Ar sputtering time; (a) Al substrate, (b) Cu substrate, (c) Ni substrate, (d) Ti substrate, and 








Fig. 4.21 Atomic concentration on a particle surface detected by XPS analysis as a function of 
Ar sputtering time; (a) Al particle, and (b) Cu particle. 
 
 
In order to directly compare the removability of oxide film to each substrate, the reduction 
rate of the O content (normalized by the initial O content) on each material surface is 
summarized in Fig. 4.22. In the case of the Ni and Cu substrates, the O contents decrease 
immediately with Ar sputtering. This indicates that the natural oxide films are easily removed 
from these substrates, i.e., very low energies are required to remove the films. The easy 
formation of new-born surfaces on these substrates during Al particle impact, is therefore 
expected. The O contents on the Al and Ti substrate surfaces decreased slowly with increasing 
Ar sputtering time. Al and Ti are easily oxidized and passivated, and hence strong or thick 
natural oxide films are formed on these surfaces. Therefore, significantly higher energies are 
required to remove the natural oxide films from these surfaces than from the other substrate 
materials. The oxide film on the S15C substrate was more difficult to remove than those formed 
on the Ni and Cu substrates, but was more easily removed than those formed on the Al and Ti 
substrates. The Ar sputtering time required for complete removal of oxide film on each substrate 
material, which represents removability of oxide film, is shown in Fig. 4.23. More than 20 times 








Fig. 4.22 Reduction rate of the oxygen content (normalized by the initial oxygen content) on 








4.4.1  Dominant factor on Al particle deposition 
First of all, the deposition behaviors of Al particles impacting each substrate is discussed. The 
results obtained for the Al particle are summarized in Table 4.4. First, the energies of the bonds 
formed between Al and the other substrate materials were, via MD simulations, found to be 
larger than that of the Al-Al bonds. Consequently, the weakest region occurred in Al in the 
vicinity of the bonding interface, regardless of the substrate material. Second, the Al particles 
impacting the Ni, Cu, S15C, and Ti substrates had similar rebound velocities, at particle 
velocities of ~300 m/s (close to the critical velocities on the Ni and Cu substrates). Third, the 
deformation behaviors of the particles on the aforementioned materials were quite similar. 
Significantly larger amounts of plastic deformation occurred on the particles impacting these 
four substrate materials than on the Al substrate. This indicates that similar amounts of new-
born surface areas are generated by the deformation of the particles on these four substrate 
materials; more importantly, these amounts are sufficient for deposition of the particles. Fourth, 
the new-born surface areas generated on the Al substrate were significantly larger than the 
negligible areas formed on the other substrate materials. The Ni, Cu, S15C, and Ti substrates 
underwent similar levels of plastic deformation stemming from Al particle impact. Based on 
these results, these four substrate materials indicated that the same weakest region occurring in 
the vicinity of the bonding interface, the similarity among the rebound energies at particle 
velocities of ~300 m/s, and similar plastic deformation experienced by the particles and 
substrates. Despite these similarities, however, Al particles could be deposited at ~300 m/s on 
the Ni and Cu substrates, but could not be deposited on S15C and Ti substrates, even at 400 
m/s. A strong dependence of the critical velocities on the oxide films formed on these substrates, 
is therefore expected. In Fig. 4.24, the critical velocity of the Al particle deposited on each 
substrate material is plotted as a function of the Ar sputtering time required for complete 
removal of the oxide film. The figure shows that the critical velocities increase (in general) with 
increasing the Ar sputtering time. This indicates that the ability to deposit Al particles depends 
predominantly on the removability of the oxide film. Al particles can therefore be deposited on 
Ni and Cu substrates at relatively low particle velocities, owing to the high removability of the 
oxide films. The high critical velocities on the S15C and Ti substrates result primarily from the 
low removability of the respective films; the significant increase in the rebound velocities at 
particle velocities higher than 350 m/s also leads to high critical velocities. On the other hand, 
the deformation behaviors of the particles and the Al substrate, as well as the rebound velocity, 
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differed significantly from those of the other substrate materials. In spite of the low 
removability of the oxide film and the high rebound velocity, a relatively low critical velocity 
was obtained owing to the moderate plastic deformation of both the particle and the substrate; 
this deformation contributed to the contact between the new-born surfaces. 
 
 
Table 4.4 Summarized results of the molecular dynamics simulation and the single particle 
impact tests for Al particle. 
 Ni Cu S15C Ti Al 
Critical velocity (m/s) 296 301 432 500 353 
Weakest region at bonding interface Al Al Al Al Al 
Rebound velocity at ~300 m/s (m/s) 5.6 6.3 5.7 5.9 11.3 
Plastic deformation of particle Large Large Large Large Medium 
Plastic deformation of substrate Small Small Small Small Medium 
Ar sputtering time for O removal 
(Removability of oxide film) 





















Fig. 4.24 Dependence of the critical velocity of an Al particle deposited on each substrate 
material, on the Ar sputtering time required for complete removal of the natural oxide film. 
 
 
4.4.2  Dominant factor on Cu particle deposition 
Next, the deposition behaviors of Cu particles impacting each substrate is discussed. The 
results obtained for the Cu particle are summarized in Table 4.5. In the case of the Al particle, 
the deposition behaviors on these substrate materials without Al could be simply explained by 
a same logic, owing to the extremely large difference between mechanical properties of Al and 
the other materials. In the case of Cu particle, the obtained results are seemingly intricately 
intertwined with each other. However, the deposition behaviors on the Ni, S15C, and Ti 
substrates, i.e., on the substrates without not only Al, but also Cu, can be organized in a same 
group. The aforementioned materials have significantly higher mechanical properties than Cu 
particle.  
First, the energies of the Cu-Ni and Cu-Ti bonds were evaluated to be larger than that of the 
Cu-Cu bonds. In this case, the weakest region lies in Cu in the vicinity of the bonding interface, 
owing to the higher tensile strengths of Ni and Ti than that of Cu. The Cu-Fe bonds had a lower 
bonding energy than the Cu-Cu bonds. The weakest region therefore differently occurs in the 
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Cu-Fe (S15C) interface. As such, the expected weakest regions are not same each other. 
However, the difference between the strengths of Cu and the Cu-Fe interface is probably not so 
large, because the Cu-Fe bonding energy was evaluated to be approximately 87 % of the Cu-
Cu bonding energy.  
Second, the Cu particles impacting the Ni, S15C, and Ti substrates had relatively similar 
rebound velocities, at particle velocities of ~216 m/s (the critical velocity on Cu substrate). 
However, the S15C substrate resulted in slightly lower rebound velocity, that is approximately 
86 % of the rebound velocity on the Ni substrate. Based on these results, the slightly lower 
rebound velocity of Cu particle impacting the S15C substrate can make up for the shortage of 
bonding energy between Cu particle and S15C substrate. 
Third, the Cu particles impacting these three materials had sufficiently large plastic 
deformation for deposition, and resulted in the small plastic deformations of these substrates 
which were similar to each other, owing to the large difference between mechanical properties 
of Cu and these three materials. Despite these similarities, however, the critical velocities of Cu 
particle deposited on these substrates were significantly different. In the same way as the Al 
particle, a strong dependence of the critical velocities on the oxide films formed on these 
substrates, is therefore expected.  
 
 
Table 4.5 Summarized results of the molecular dynamics simulation and the single particle 
impact tests for Cu particle. 
 Cu Ni S15C Ti Al 
Critical velocity (m/s) 216 260 282 294 (559) 
Weakest region at bonding interface Cu Cu Interface Cu Al 
Rebound velocity at ~200 m/s (m/s) 4.9 10.1 8.7 10.5 10.9 
Plastic deformation of particle Medium Large Large Large Small 
Plastic deformation of substrate Medium Small Small Small Large 
Ar sputtering time for O removal 
(Removability of natural oxide film) 





In Fig. 4.25, the critical velocity of the Cu particle deposited on each substrate material without 
Al is plotted as a function of the Ar sputtering time required for complete removal of the oxide 
film. The figure shows that, except for Cu, the critical velocities increase (in general) with 
increasing the Ar sputtering time. This indicates that the ability to deposit Cu particles also 
depends predominantly on the removability of the oxide film. However, the increasing rate of 
critical velocity against the Ar sputtering time seems to be not so large as compared to the case 
of Al particle. This is attributed to the difference of these densities. The Cu particle has more 
than 3 times higher density than the Al particle. For instance, the kinetic energies of Cu particles 
having particle velocities of 260 m/s and 282 m/s are approximately 0.159 J and 0.187 J, 
respectively. The difference of kinetic energies is evaluated to be 0.028 J. Then, the kinetic 
energy of Al particle having a particle velocity of 260 m/s is approximately 0.048 J. If an Al 
particle has a kinetic energy of 0.076 J, which is the addition of 0.028 J to 0.048 J, the particle 
velocity is calculated to be approximately 327 m/s. As such, the difference of the critical 




Fig. 4.25 Dependence of the critical velocity of an Cu particle deposited on each substrate 




In the case of the Cu particle impacting the Cu substrate, the Cu particle could be deposited 
on the substrate at particle velocity of a mere 216 m/s. As shown in Table 4.5, the Cu substrate 
indicated not only the high removability of the oxide film, but also the smallest rebound velocity 
at particle velocities of ~200 m/s in all the substrate materials, in addition, the moderate plastic 
deformations of the particle and the substrate. According to these results, every factors 
contributed to the lowest critical velocity. 
In contrast, the Cu particle could not be deposited on the Al substrate until the exceedingly 
high critical velocity of 559 m/s. The high speed camera revealed the Cu particle was 
mechanically trapped in the crater formed on the substrate surface at the particle velocity of 561 
m/s. The FEM analysis also indicated the Cu particle is mechanically trapped in the crater. 
Furthermore, the Cu particle could not adhere to the substrate even at the velocity of 693 m/s, 
although the particle was mechanically trapped in the crater. The oxide film on the Al substrate 
indicated the low removability. In addition, the weakest region occurring in the vicinity of the 
bonding interface will lie in Al having less than two times lower tensile strength than Cu. 
Moreover, the Al substrate led to the highest rebound velocity and the negligible plastic 
deformation of Cu particle. The exceedingly high critical velocity of 559 m/s, more adequately, 
the non-adhesion was therefore caused by these factors except the large plastic deformation of 
substrate. From these facts, the deposition of Cu particle impacting the Al substrate should be 
divided from the case of the other substrate materials. 
These results obtained in this chapter strongly support the assumed governing mechanism 
(described in section 4.1) of the deposition process that occurs when 1-mm-diameter Al and Cu 
particles impact on a metallic substrate. In the case of a particle impacting a substrate having a 
similar mechanical property to the particle, moderate plastic deformations of both particle and 
substrate, which resulted in fractures of the both oxide films, are expected to suppress an 
enhancement of critical velocity. Moreover, for similar bonding strength, rebound energy, and 
severity of plastic deformation to the particle and substrate, the critical velocity of the particles 
depends strongly on the removability of the oxide film. 
The deposition behavior of exceedingly smaller particles less than 1 mm in actual cold spray 
process is expected to be basically governed by the same mechanism described in section 4.1. 
However, the contributions of each factors to the deposition of an actual cold spray particle are 
probably different from the results of this study. In particular, an actual cold spray particle 
definitely has a higher percentage of the oxide film thickness to the diameter than a 1-mm-
diameter particle. Consequently, the deposition behaviors of actual cold sprayed particles are 
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expected to depend more strongly on the removability of the oxide film on the particles and 
substrates.  
Based on these results obtained in Chapter 3 and 4, the following two guidelines are expected 
to improve cohesion strength between particles and adhesion strength between particles and a 
substrate in a cold sprayed metallic coating. 
(a) Reduction of non-adhesion area at particle/substrate interface and non-cohesion area at 
particle/particle interface 
























In this chapter, in order to identify the most dominant factors on the particle deposition, 
contributions of the following four factors, bonding energy, rebound energy, plastic 
deformation amounts experienced by particle and substrate, and removability of the natural 
oxide film, to the deposition behaviors of both aluminum (Al) and copper (Cu) particles were 
investigated in detail, leading to the following main conclusions: 
1) In the case of Al particle impacting Cu, nickel (Ni), titanium (Ti), and low carbon steel 
(S15C) substrates, similar bonding strength, rebound velocity evaluated at particle velocity 
of ~300 m/s, and plastic deformation amounts experienced by particle and substrate were 
confirmed. In contrast, the argon (Ar) sputtering time required for complete removal of the 
oxide films on the aforementioned substrates were significantly different from each other. 
The tendency of the sputtering time corresponded to that of the critical velocities. 
2) In the case of Cu particle impacting Ni, Ti, and S15C substrates, similar bonding strength, 
rebound velocity, and plastic deformation amounts experienced by particle and substrate 
were confirmed. In the same way as the Al particle, the tendency of the Ar sputtering times 
represent the removability of the oxide films on these three substrate materials 
corresponded to that of the critical velocities. These results strongly support that the 
removability of the natural oxide film is a predominant factor on particle deposition, 
although every factor contributes to the deposition. 
3) The relatively low critical velocity of Al particle deposited on the Al substrate in spite of 
the low removability of the oxide film and high rebound velocity resulted from the 
moderate plastic deformations of both particle and substrate. 
4) The high removability of the oxide film, the low rebound velocity, and the moderate plastic 
deformations of both particle and substrate led to the lowest critical velocity of Cu particle 
deposited on the Cu substrate. 
5) The Cu particle impacting the Al substrate was deposited mainly owing to the mechanical 
trapping. The non-adhesion of Cu particle impacting the Al substrate was attributed to the 
low removability of the oxide film, the high rebound velocity, and the insignificant plastic 
deformation of particle. 
6) Based on these results obtained in Chapters 3 and 4, the two guidelines for improvement 
of cohesion strength between particles and adhesion strength between particles and a 




1) K. Ogawa, K. Ito, K. Ichimura, Y. Ichikawa, S. Ohno, N. Onda, Characterization of low-
pressure cold sprayed aluminum coatings, Journal of Thermal Spray Technology, 17(5-6), 
2008, pp.728-735. 
2) H. Assadi, F. Gärtner, T. Stoltenhoff, H. Kreye, Bonding mechanism in cold spray, Acta 
Materialia, 51, 2003, pp.4379-4394. 
3) T. Schmidt, F. Gärtner, H. Assadi, H. Kreye, Development of a generalized parameter 
window for cold spray deposition, Acta Materialia, 54, 2006, pp.729-742. 
4) M. Grujicic, C.L. Zhao, W.S. DeRosset, D. Helfritch, Adiabatic shear instability based 
mechanism for particles/substrate bonding in the cold-gas dynamic-spray process, 
Materials and Design, 25, 2004, pp.681-688. 
5) S. Guetta, M.H. Berger, F. Borit, V. Guipont, M. Jeandin, M. Boustie, Y. Ichikawa, K. 
Sakaguchi, K. Ogawa, Influence of particle velocity on adhesion of cold sprayed splats, 
Journal of Thermal Spray Technology, 18(3), 2009, pp.331-342. 
6) J. Wu, H. Fang, S. Yoon, H.J. Kim, C. Lee, The rebound phenomenon in kinetic spraying 
deposition, Scripta Materialia, 54, 2006, pp.665-669. 
7) K.H. Kim, S. Kuroda, Amorphous oxide film formed by dynamic oxidation during kinetic 
spraying of titanium at high temperature and its role in subsequent coating formation, 
Scripta Materialia, 63, 2010, pp.215-218. 
8) LAMMPS Molecular Dynamics Simulator, Sandia National Laboratories, 
http://lammps.sandia.gov/download.html, (cited 2004–09–01). 
9) X.W. Zhou, H.N.G. Wadley, R.A. Johnson, D.J. Larson, N. Tabat, A. Cerezo, A.K. 
Petford-Long, G.D. W. Smith, P.H. Clifton, R.L. Martens, T.F. Kelly, Atomic scale 
structure of sputtered metal, Acta Materialia, 49, 2001, pp.4005-4015. 
10) ABAQUS 6.12 analysis user’s manual, Dassault Systemes, 2012, pp.25.2.1-3-25.2.1-4. 
11) L. Tollier, R. Fabbro, E. Bartnicki, Study of the laser-driven spallation process by the 
velocity interferometer system for any reflector inerferometry technique. I. Laser-shock 
characterization, Journal of Applied Physics, 83(3), 1998, pp.1224-1230. 
125 
 
12) S. Yin, X. Wang, The role of material properties in cold spraying for the surface 
modification of nuclear main pump, Proceedings of Power and Energy Engineering 
Conference (APPEEC 2011), IEEE, 2011. 
13) W. Y. Li, M. Yu, F. F. Wang, S. Yin, H. L. Liao, A generalized critical velocity window 
based on material property for cold spraying by eulerian method, Journal of Thermal Spray 
Technology, 23(3), 2014, pp.557-566. 
14) G.R. Johnson, W.H. Cook, A constitutive model and data for metals subjected to large 
strains, high strain rates and high temperatures, Proceedings of the 7th International 
Symposium on Ballistics, 54, 1983, pp.541-547. 
15) S.A.A. Akbari Mousavi, Sh. Ranjbar Bahadori, A.R. Shahab, Numerical and experimental 
studies of the plastic strains distribution using subsequent direct extrusion after three twist 
extrusion passes, Materials Science and Engineering A, 527, 2010, pp.3967-3974. 
16) H.E. Gardenier, A.N. Palazotto, R.A. Larson, Development and Investigation of a Slotted 
Beam Impact Experiment for Intermediate Strain Rates, Journal of Aerospace Engineering, 



















Effectiveness of Post-Heat-Treatment via 
Pulsed Direct Electric Current for Cold 
Sprayed Cu Coating 
 
5.1 Introduction 
Annealing heat-treatment (AHT) is one of effective techniques for improvements of cohesion 
strength between particles and adhesion strength between particles and a substrate in cold 
sprayed metallic coatings. A lot of researches concerning the improvements via AHT have been 
reported1)-5). Nevertheless, it is still difficult to improve mechanical properties of cold sprayed 
metallic coatings up to those of the bulk materials via conventional AHT. For instance, Figure 
5.1 shows the stress-strain curves for cold sprayed stainless steel (JIS code: SUS316L) coatings 
heat-treated at each temperature reported by AL-Mangour et al6). As-sprayed SUS316L coating 
indicated drastically lower tensile strength and ductility than bulk SUS316L. The strength and 
ductility were improved by annealing heat-treatment, however, these were obviously still on a 
lower level than those of bulk SUS316L. Consequently, an advanced post-heat-treatment 
technique is required for more improvement of the mechanical property, rather than AHT. 
Spark plasma sintering (SPS) is a well-known technique for effective fabrication of 
nanocrystalline or amorphous materials7)-9), in which a large pulsed direct electric current (DC) 
is applied simultaneously with uniaxial pressure for powder sintering. The schematic 
illustration of effect of pulsed DC in SPS suggested by M. Tokita10) is shown in Fig. 5.2. 
Although the mechanism of SPS is not completely understood, in the case of metallic powders, 
it is regarded as follows. They are rapidly heated up to a preset temperature by self Joule heating. 
And, spark discharges and plasma are generated between the particles by the pulsed DC. The 
surface impurities and oxide films on the powders are evaporated by the spark discharges and 
plasma, and the powder surfaces are activated. Additionally, interdiffusion between the 
particles is accelerated by Joule heating and electromigration (diffusion by electrical driving 
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force). Anderson et al. have confirmed bonding of clean surfaces and no oxide films between 
W particles treated by the SPS (Fig. 5.3)11). 
According to this mechanism and the guidelines obtained in Chapters 3 and 4, pulsed DC is 
likely to contribute to the effective improvement of cohesion strength between particles and 
adhesion strength between particles and a substrate in cold sprayed metallic coatings, even 
though uniaxial pressure is not applied. In general, coatings cannot be formed on structural 
components having complicated shapes by the SPS. On the other hand, structural components 
preliminarily coated using cold spray can be easily treated by attaching electrodes and applying 
a pulsed DC, even though it has a complicated shape. The heat-treatment via pulsed DC is 
therefore expected to become a more effective post-heat-treatment method for the cold sprayed 
metallic coatings. 
In this chapter, in order to demonstrate the effectiveness of the pulsed DC heat-treatment 
(PDH) for cold sprayed metallic coatings as a new post-heat-treatment method, cold sprayed 
copper (Cu) coatings were treated by both PDH and AHT. The mechanical properties and 
microstructures of the coatings were investigated by hardness tests, tensile tests, scanning 
electron microscopy (SEM) observations, and electron backscatter diffraction (EBSD) analyses. 














Fig. 5.3 Atomic resolution image in the vicinity of the interface in the W particles consolidated 





5.2 Experimental procedure 
5.2.1  Materials and cold spray conditions 
Ultra high pressure swirl water-atomized pure Cu powder with a mean particle size of 21.4 
μm (Cu-HWQ, Fukuda Metal Foil & Powder Corporation, Japan) was used as a feedstock for 
cold spraying. The morphology and particle size distribution of the Cu powder are shown in 
Fig. 5.4 and Fig. 5.5, respectively. The Cu powder was sprayed onto aluminum alloy substrates 
(JIS code: A5052, 40 mm × 40 mm × 20 mm) using a high pressure cold spray equipment (PCS-
1000, Plasma Giken Co., Ltd., Japan). Nitrogen (N2) was used as the working gas; the pressure 
and temperature of the working gas were fixed at 3 MPa and 500°C, respectively. Relatively 
thick Cu coatings having approximately 6 mm thickness were produced on nine Al alloy A5052 
substrates for various heat-treatment conditions and tensile strength tests. All the specimens 
were prepared at the same operation in order to minimize fluctuations of coating properties 












Fig. 5.5 Particle size distribution of feedstock Cu particles. 
 
 
5.2.2  Heat-treatment 
The Cu coatings on the Al alloy substrates were heat-treated by AHT and PDH. The AHT was 
carried out in an electric furnace (FP100, Yamato Scientific Co., Ltd., Japan). The PDH was 
conducted by using a conventional SPS equipment (Dr. Sinter SPS-7.40, Sumiseki Holdings, 
Inc., Japan). The both heat-treatment conditions are shown in Table 5.1. The coatings were 
heat-treated under air atmosphere. Relatively low temperatures and short treatment durations 
were employed for both techniques in order to inhibit excess crystal grain growth. A schematic 
illustration of the PDH system is shown in Fig. 5.6. A large pulsed DC, whose amperage, on-
state duration and off-state duration are approximately 3 kA, 39.6 ms and 6.6 ms, was applied 
to the coatings along the direction perpendicular to the coating surface. The specimens were 
enclosed in a carbon die. The temperature of the specimens was controlled by the amount of 
the current applied and was measured directly by a thermocouple attached to the substrate. One 
of most important things is that a vertical load was not applied in order to evaluate the 
effectiveness of the PDH for the Cu coating. The specimens are denoted as as-sprayed, AHT200, 
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AHT300, AHT400, AHT450, AHT500, PDH200, PDH300, and PDH400, where the last three 
digits correspond to the heat-treatment temperature. 
 
 
Table 5.1 The heat-treatment conditions for cold sprayed Cu coatings. 
 PDH AHT 
Equipment Dr. Sinter SPS-7.40 FP100 
Temperature (°C) 200, 300, 400 200, 300, 400, 450, 500 
Duration time (min) 5 5 
Atmosphere Air Air 
Cooling method Air cooling Furnace cooling 




Fig. 5.6 Schematic illustration of the PDH system. 
 
 
5.2.3  SEM observation and EBSD analysis 
SEM and EBSD techniques were selected to investigate the effects of PDH processing on the 
microstructure of the Cu coatings. The Cu-coated specimens treated by PDH and were subject 
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to AHT were cut perpendicular to the coating surface and embedded in epoxy resin. The cross-
sectional surfaces of the coatings were ground with #1500 waterproof abrasive paper and 
mirror-polished with diamond paste and colloidal silica. Subsequently, the cross-sectional 
surfaces were observed using SEM with ×100 magnification (macroscopic observation) and 
×1000 magnification (microscopic observation). In addition, the porosities in the coatings were 
estimated from three cross-sectional SEM images with 100 magnification for each specimen by 
an image processing software (ImageJ, National Institutes of Health, USA). The crystal grain 
size distributions were obtained by EBSD analysis using equipment produced by TexSEM 
Laboratories, Inc. (USA). In the EBSD analysis, the magnification and step size were set at 
×1000 and 0.2 μm, respectively. In EBSD analysis, all analyzed points are forced into 
identifications, even if the points are pores or microcracks. Therefore, crystal grains which were 
detected as being smaller than the step size were excluded. The microstructures of the coatings 
treated by PDH and AHT were compared. 
 
 
5.2.4  Hardness and tensile tests 
Hardness and tensile tests were carried out to investigate the effects of PDH on the mechanical 
properties of Cu coatings. The hardness of each coating was measured with micro Vickers 
hardness test equipment (HMV-1, Shimadzu Corporation, Japan). The specimens used for the 
cross-sectional observations were also used for the hardness tests. The vertical load and holding 
time were fixed at 0.98 N and 15 s, respectively. The tensile strength and ductility of these 
coatings were evaluated using tensile test equipment (CATY-WTS2KN, Yonekura, Japan). In 
order to evaluate the mechanical properties of the coatings, the specimens with an overall length 
of 34 mm were cut out of the coatings along the surface by a wire electric discharge machine. 
The gauge length, width, and thickness of the specimens were 5, 2, and 1.2 mm, respectively. 
The tensile load rate was fixed at 5 N/s. Three specimens for each coating were tested. Although 
this tensile test does not conform to any standardized procedures owing to small sample size, 
the results obtained at the same test condition can be compared. The fracture surfaces after 
tensile testing were examined by SEM. Subsequently, the mechanical properties of the coatings 
treated by PDH, those treated by AHT, and bulk pure Cu material (JIS code: C1020) were 




5.2.5  Four-probe method 
Electrical conductivity is influenced by microctructure, such as porosity, crystal grain size, 
plstic strain, and cohesion state between particles. This means electrical conductivity also 
represents the effects of PDH on the microstructure of Cu coating. For evaluation of electrical 
conductivity of Cu coatings, four-probe method was conducted. The schematic illustration of 






       (5-1) 
where ρ, L, I, and A are electrical resistivity, interval between two probes for voltage 
measurement, applied current, and cross-sectional area of specimen, respectively. Electrical 
resistivity depends on temperature of specimen. Furthermore, microstructure of Cu coatings 
might be changed due to heat generation and erectromigration by large current. Consequently, 
in order to obtain large voltage at small applied current, small cross-sectional area and longer 
interval are required. As shown in Fig. 5.7, the applied current and the interval between two 
probes for voltage measurement were fixed at 0.7 A and 25 mm, respectively. Then, the cross-
sectional areas of specimens were around 0.32 mm2. Electrical conductivity σ is calculated as 







      (5-2) 





Fig. 5.7 Schematic illustration of four-probe method for Cu coatings. 
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5.3 Results and discussion 
5.3.1  SEM observation and EBSD analysis 
Typical cross-sectional SEM images with macroscopic observation are shown in Fig. 5.8. 
Relatively large pores more than 10 microns were sparsely distributed in each coating. However, 
the sizes and distributions of these pores seemed to be similar in all coatings treated by AHT 
and PDH. Figure 5.9 shows the relationship between heat-treatment temperature and porosity 
in each coating. The porosities in all Cu coatings were estimated to be less than 1.0 %. From 
the porosities, all coatings can be regarded as dense coatings. In addition, the porosities were 
stable regardless of not only the heat-treatment methods, but also the temperature. As described 
above, the porosities were estimated from the SEM images with macroscopic observation. The 
estimated porosities are containing relatively large pores, however, not containing very fine 
pores and thin cracks. Then, the short duration time of 5 min were selected in both AHT and 
PDH as well. The large pores such as more than 10 microns were hardly changed by the short 
heat-treatments. 
 
   
   
Fig. 5.8 Low magnification SEM images of cross-section coating microstructures as sprayed 







Fig. 5.9 Relationship between heat-treatment temperature and porosity in each coating. 
 
 
As shown in Fig. 5.10, a part of the particle/particle interfaces was observed in each coating 
shown in the SEM images with microscopic observation. There were some small pores and thin 
cracks at the particle/particle interfaces in as-sprayed coating. After PDH or AHT, the formation 
and the growth of spherical fine pores at the particle/particle interfaces increased depending on 
the heat-treatment temperature, as shown by black arrows in Fig. 5.10. In contrast, the sharply 
defined interfaces looked like thin cracks in as-sprayed coating were hardly observed in 
AHT500 and PDH400. This indicates that some changes in the cohesion states between the 
particles, which cannot be detected by the macroscopic observations, were caused by the both 
heat-treatments. Hence, although the distribution of large pores examined in macroscopic 
observations were hardly improved by PDH and AHT, the cohesion state between the particles 







   
   
   











Fig. 5.10 High magnification SEM images of cross-section coating microstructures as-sprayed 
(a) and treated under different conditions: (b) AHT200; (c)AHT300; (d)AHT400; (e) AHT450; 
(f)AHD500; (g)PDH200; (h)PDH300; (i)PDH400. 
 
 
EBSD analysis was carried out to investigate the crystal grain size distributions and plastic 
strain distributions in the coatings. An inverse pole figure (IPF) image and a kernel average 
misorientation (KAM) image of the as-sprayed specimen are shown in Fig. 5.11. In these 
images, the black areas indicate either pores or very fine crystal grains with dimensions below 
the 0.2 μm step size, which were excluded from the analysis carried out for this study. 
Interestingly, crystal grains larger than 5 μm and in the submicron range were observed in the 
IPF image. Some studies have indicated that large plastic deformation and dynamic 
recrystallization take place, in particular, at the particle/substrate and particle/particle 
interfaces12), 13). Therefore, it is believed that crystal grains were refined by dynamic 
recrystallization at the moment of particle impact or during coating formation, and the black 
areas formed by the refined crystal grains or pores were dispersed along the particle/particle 
interface. In addition, a widespread distribution of plastic strain, i.e., work hardening, was 
observed in the KAM image of the as-sprayed specimen. The particles in the coating obviously 
underwent severe plastic deformation by high velocity impacts. In particular, relatively large 
plastic strain was found in fine crystal grains. In contrast, a few crystal grains containing low 
plastic strain were also observed. It was probable that the plastic strain in these crystal grains 
was released by dynamic recrystallization. 
Figure 5.12 shows IPF images of Cu coatings treated by AHT and PDH under different 




to the as-sprayed coating. Both coatings also had black areas at the particle/particle interfaces 
and a wide range of crystal grain size from submicron to more than 5 μm. However, drastic 
changes of crystal grain distributions took place at more than 300°C. The black areas 
disappeared in AHT300 and PDH300. Furthermore, the crystal grain sizes tended to increase 













   
  
   
Fig. 5.12 IPF images of Cu coatings treated under different conditions: (a) AHT200; (b) 
AHT300; (c) AHT400; (d) AHT450; (e) AHT500; (f) PDH200; (g) PDH300; (h) PDH400. 
 
 
The typical crystal grain size distribution obtained by EBSD analysis for each coating is shown 
in Fig. 5.13. For both AHT and PDH specimens treated at temperatures over 300°C, in contrast 
to the as-sprayed specimen, the number of crystal grains with submicron diameter and sizes 
above 5 μm decreased as the temperature increased, while the number of crystal grains with 
sizes above 1 μm increased. This means that fine crystal grains were coarsened and large crystal 
(a) (b) (c) 
(d) (e) 
(f) (g) (h) 
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grains were recrystallized by both AHT and PDH. As shown in Fig. 5.11, large plastic strains 
were distributed in not only small crystal grains, but also large crystal grains. It is expected that 
the large plastic strain in large crystal grains was a dominant driving force for the 
recrystallization. On the one hand, the crystal grain sizes of both AHT and PDH specimens 
increased with increasing temperature. However, when the specimens treated at the same 
temperature were compared, the crystal grain size distributions of the PDH specimens tended 
to shift to a larger crystal grain size than that of the AHT specimens. These results indicate that 
internal diffusion in the particles was accelerated by PDH, i.e., Joule heating and 
electromigration caused by large pulsed DC. However, owing to the short duration of heat-
treatment, the average crystal grain sizes of all specimens were in the range of a few microns. 
Therefore, it is believed that the difference in crystal grain size between the AHT and PDH 









Typical KAM images of the specimens are shown in Fig. 5.14. As the heat-treatment 
temperature increased, the plastic strain in the specimens tended to recover significantly. 
Interesting enough, the results of AHT300 showed that plastic strain recovered in the fine 
crystal grains; however, the large plastic strain seemed to remain in the relatively large crystal 
grains. As shown in Fig. 5.11, fine crystal grains had larger plastic strain than relatively large 
crystal grains in the as-sprayed specimen. Thus, there was a possibility that diffusion in fine 
crystal grains was more accelerated by the driving forces stemming from high interfacial energy 
and large plastic strain. Similar to the results of crystal grain size distribution, when the 
specimens treated at the same temperature were compared, the recovery of plastic strain was 
more advanced in the PDH specimens than in the AHT specimens. Additionally, the plastic 
strain distribution of PDH300 was similar to that of AHT400. In PDH400, AHT450, and 
AHT500, these KAM images indicate that the plastic strains were sufficiently released. 
These results confirmed that the PDH at temperatures lower than that of AHT enhances the 



















   
  
   
Fig. 5.14 KAM images of Cu coatings treated under different conditions: (a) AHT200; (b) 







(g) (h) (f) 
(d) (e) 
(a) (b) (c) 
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5.3.2  Hardness tests 
The result of hardness tests as a function of the heat-treatment temperature is shown in Fig. 
5.15. The as-sprayed specimen had higher hardness than bulk pure Cu material owing to the 
fine crystal grains and work hardening shown in Fig. 5.11. The hardness of the coatings was 
not changed by heat-treatment at 200°C via PDH and AHT. However, at temperatures above 
300°C, remarkable softening was observed. As evidenced in the recovery of plastic strain 
evaluated by EBSD analysis, the softening was more enhanced by PDH than AHT. PDH300 
and PDH400 indicated much lower hardness than AHT300 and AHT400, respectively. 




Fig. 5.15 Dependence of Vickers hardness of each specimen on heat-treatment method and 







5.3.3  Tensile tests 
Stress-strain curves obtained from the tensile tests are shown in Fig. 5.16. Although the 
Young’s moduli estimated from the stress-strain curves were different from any literature data 
owing to the non-standard testing method, the values obtained for all coatings were close to that 
of the bulk Cu evaluated by the same tensile tests. Consequently, comparison of the results 
obtained from the tensile tests is possible. In the case of the as-sprayed specimen, the tensile 
strength and ductility were significantly lower than that of bulk Cu. The factors that affect the 
tensile strength and ductility of a cold sprayed pure Cu coating are cohesion strength between 
particles, work hardening (plastic strain), porosity, and crystal grain size. From the results of 
EBSD analyses and hardness tests, it was expected that as-sprayed specimen has high tensile 
strength and low ductility. Nevertheless, as-sprayed specimen indicated low tensile strength. 
This means that the tensile strength of as-sprayed specimen was exceedingly affected by the 
existence of pores and low cohesion strength between the particles. And also, brittle fractures 
were observed in the AHT200, PDH200 which are not shown in Fig. 5.16, AHT300, AHT400, 
and PDH300 specimens in spite of the recovery of work hardening. However, as shown in Fig. 
5.17, these tensile strengths definitely improved with increasing heat-treatment temperature. 
The enhancement of tensile strength resulted from the improvement in cohesion strength 
between the particles, because the porosity evaluated by macroscopic observation was almost 
stable regardless of heat-treatment temperature; in this regard, however, the improvements in 
cohesion strength seem to be not sufficient. For the effect of PDH, the tensile strength of 
PDH300 was approximately 1.3 times higher than that of AHT300; the tensile strength of 
PDH300 was also higher than that of AHT400. 
The results of tensile tests in the PDH400, AHT450, and AHT500 were different from the 
other specimens. According to the evaluation of ductility shown in Fig. 5.18, the remarkable 
improvements of ductility in PDH400, AHT450, and AHT500 were observed. These ductilities 
calculated from the subtraction of the elastic strain from the fracture strain. The mechanical 
properties such as tensile strengths, yield stresses, and ductility of PDH400, AHT450, AHT500, 
and C1020 were summarized in Fig. 5.19. This result indicates that the cohesion strength 
between the particles in PDH400 was enough improved, and the tensile strengths and ductility 
of these coatings were hardly affected by the existence of pores. However, regardless of the 
fine crystal grains, the lower yield stress of PDH400 compared to that of the bulk Cu was 
investigated. As shown in Fig. 5.15, the hardness of PDH400 was lower than that of the bulk 
Cu, indicating that the lower yield stress of PDH400 was mainly caused by the more advanced 
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recovery of work hardening. The ductility of AHT450 was slightly improved, while the tensile 
strength and ductility of AHT500 were comparable to those of the bulk Cu. These results also 
indicate that the cohesion strength between the particles in AHT500 was enough improved, 




Fig. 5.16 Typical stress-strain curves of each specimen treated by AHT and PDH, and bulk Cu 












Fig. 5.17 Dependence of tensile strength of each specimen on heat-treatment method and 
temperature. The value of Vickers hardness of bulk Cu is given, too. 
 
 
Fig. 5.18 Dependence of ductility of each specimen on heat-treatment method and temperature. 





Fig. 5.19 Overview of the mechanical properties of PDH400, AHT450, AHT500 coatings, and 
bulk Cu C1020. 
 
 
Next, the results of PDH400 and AHT450 were focused. As mentioned above, the 
microstructure of PDH400 in terms of distribution of relatively large pores, crystal grain size 
distribution, and plastic strain distribution was similar to that of AHT450. In addition, PDH400 
and AHT450 had equal hardness and comparable yield stress. Notwithstanding these results, 
PDH400 had significantly higher tensile strength and ductility than AHT450, which means that 
the cohesion strength between the particles was effectively enhanced by the PDH. It is thought 
that this effect of PDH is mainly generated by surface activation, local Joule heating and 
electromigration at the particle/particle interface. Additionally, although the tensile strengths of 
PDH400 and AHT500 were close to each other and both specimens had sufficient ductility, the 
yield stress of PDH400 was significantly higher than that of AHT500. As evidenced in the 
results of hardness tests, that is why the work hardening was more released in AHT500. These 
results strongly support that the PDH is a more effective technique than AHT to improve the 
cohesion strength between the particles in cold sprayed Cu coatings. 
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Typical SEM images of the fracture surfaces after tensile tests are shown in Fig. 5.20. Few 
ductile fracture surfaces were observed in the as-sprayed specimen, and the visible fractures 
occurred at the particle/particle interfaces. Although the results of the tensile tests for both 
AHT400 and PDH300 also indicated brittle fracture behaviors, ductile fracture surfaces were 
observed in a fraction of the entire surface, with PDH300 exhibiting a slightly wider area of 
ductile fracture surfaces than AHT400. Significant formation of ductile fracture surfaces was 
observed in most areas on PDH400 and AHT500, along with the results of the tensile tests. In 
addition, the area of ductile fracture surfaces was significantly wider in PDH400 than in 
AHT450. These results also support the claim that the cohesion strength between the particles 


























Fig. 5.19 SEM images of fracture surfaces after tensile tests: (a) as-sprayed; (b) AHT400; (c) 











5.3.4  Electrical conductivity evaluation 
The electrical conductivities of each coating evaluated by four-probe method are shown in Fig. 
5.21. The as-sprayed specimen had lower electrical conductivities, approximately 70% of bulk 
Cu. The electrical conductivities of the coatings were not changed by heat-treatment at 200°C 
via PDH and AHT. However, those slightly increased at 300°C, in particular, PDH400 indicated 
the remarkable improvement of electrical conductivity up to 95% of bulk Cu. On the other hand, 
gradual improvements of electrical conductivity were observed in the specimens treated by 
AHT. Finally, the electrical conductivity of AHT500 was equal to that of PDH400. As 
mentioned in section 5.2.5, electrical conductivity of cold sprayed Cu coating depends on 
porosity, crystal grain size, plastic strain distribution, and cohesion state between particles. 
According to the results of microstructure observation and mechanical property evaluation, the 
evaluated electrical conductivities almost make sense. However, the electrical conductivity of 
PDH300 was lower than expected. More testing is probably required for the accuracy, because 
only one specimen was evaluated in each heat-treatment condition. Even so, the exceedingly 
higher electrical conductivity of PDH400 than that of AHT450 also indicates that the cohesion 
strength between the particles was more improved by the PDH. 
 
 
Fig. 5.21 Dependence of electrical conductivity of each coating normalized by the value of 




In order to evaluate the effectiveness of pulsed direct electric current heat-treatment (PDH) 
for cold sprayed metallic coatings, the microstructures, mechanical properties and electrical 
conductivities of cold sprayed copper (Cu) coatings treated by PDH and conventional annealing 
heat-treatment (AHT) were investigated, leading to the following main conclusions:  
1) Macroscopic observations showed that the distribution of relatively large pores was hardly 
changed by either PDH or AHT, and microscopic observations indicated that the cohesion 
states between the particles in the cold sprayed Cu coatings were probably changed by PDH 
and AHT. 
2) The crystal grain size distribution of the PDH specimens tended to shift to a larger crystal 
grain size than that of the AHT specimens treated at the same temperature. 
3) As the heat-treatment temperature increased, the plastic strain in the specimens recovered 
significantly, which was more advanced in the PDH specimens. 
4) At temperatures above 300°C, the hardness of the PDH and AHT specimens decreased, 
while the softening was more enhanced by the PDH than AHT. 
5) The tensile strengths and ductility of the PDH specimens were more enhanced compared 
to the AHT specimens treated at the same temperature. Those of PDH400 and AHT500 
were improved to equal levels of bulk Cu. 
6) Regardless of their comparable distributions of relatively large pores, crystal grain sizes, 
plastic strain distributions, hardness, and yield stress, PDH400 showed significantly higher 
tensile strength, ductility, furthermore, electrical conductivity than AHT450. In addition, 
PDH400 had significantly higher yield stress than AHT500 in spite of their comparable 
tensile strengths and ductility. 
7) These results strongly support that the PDH is more effective than AHT to improve the 
cohesion strength between the particles in the cold sprayed Cu coatings. The PDH is 
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 In order to identify the factors governing the critical velocity of cold sprayed metallic particles, 
the mechanistic analysis was carried out using a new developed testing system. The obtained 
results gave us the guidelines for improvements of cohesion strength between particles and 
adhesion strength between particles and a substrate, which are directly associated with cold 
sprayed metallic coating properties. According to the guidelines, a new post-heat-treatment 
method was suggested. 
 A single particle impact testing system (SPITS) used for the mechanistic analysis of solid 
metallic particle deposition behavior in high velocity impact process was developed to achieve 
well-defined impact conditions. The detailed experimental and numerical analyses using the 
SPITS revealed that the most dominant factor on the critical velocities of pure aluminum (Al) 
and copper (Cu) particles having a nominal diameter of 1 mm impacting five types of substrate 
materials is the removability of the natural oxide films on the substrates. In addition, perfect 
adhesion at whole contact area between a particle and a substrate cannot be achieved even at 
sufficiently higher particle velocity than the critical velocity. Based on these results, the 
following two guidelines are expected to improve cohesion strength between particles and 
adhesion strength between particles and a substrate in a cold sprayed metallic coating. 
(a) Reduction of non-adhesion area at particle/substrate interface and non-cohesion area at 
particle/particle interface 
(b) Removal or reduction of natural oxide films on particle and substrate surfaces 
 According to the guidelines, pulsed direct electric current heat-treatment (PDH) was suggested 
as a new post-heat-treatment method for cold sprayed metallic coatings. The comparison of the 
microstructures and the mechanical properties of cold sprayed Cu coatings treated by the PDH 
and a conventional annealing heat-treatment (AHT) revealed effectiveness of the PDH for 




 The conclusions of the present work can be summarized as follows: 
In Chapter 2, the SPITS was developed to evaluate the definite deposition behavior and the 
definite critical velocity of a metallic particle impacting a metallic substrate by experiments. 
The following conclusions were drawn: 
 Using the SPITS, which is a modified single-stage light-gas gun, a large-scaled particle 
having a diameter of 1 mm could be impacted on a substrate at an accurately measured 
particle velocity. 
 Original particle holder consists of ultrahigh molecular weight polyethylene and the launch 
system with solenoid valve contributed to the maximum particle velocity of approximately 
700 m/s, the short experimental time, and the small gas consumption. 
 The original particle holder and the stopper system also contributed to smooth separation 
of particle from particle holder and downsizing of total system. 
 Continuous range of particle velocity could be obtained by using nitrogen and helium gases. 
 Using the SPITS, various metallic particle materials with a nominal diameter of 1 mm 
could be deposited on various metallic substrate materials. 
 These results confirmed that the definite deposition behavior and the definite critical 
velocity of a metallic particle in cold-spray-emulated high velocity impact process can be 
experimentally evaluated by using the SPITS. 
 
In Chapter 3, in order to find out the critical velocities of pure Al and pure Cu particles having 
a diameter of 1 mm impacting five types of metallic substrate materials using the SPITS, the 
deposition behaviors at various particle velocities was investigated in detail. In addition, the 
microstructures of the deposited particles were characterized by scanning electron microscope 
(SEM) observations. The main results obtained from this chapter can be summarized as follows: 
 A lot of impact tests revealed the strong dependences of the deposition behaviors and the 
critical velocities of the Al and Cu particles on the substrate materials.  
 The critical velocities of the Al particles impacting the pure nickel (Ni), Cu, Al, low carbon 
steel (JIS code: S15C), and titanium (Ti) substrates were evaluated to be 296 m/s, 301 m/s, 
353 m/s, 432 m/s, and 500 m/s. 
 The critical velocities of the Cu particles impacting these five substrate materials were 
evaluated to be 260 m/s, 216 m/s, 559 m/s, 282 m/s, and 294 m/s. 
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 The microstructure observations of the deposited Al an Cu particles impacting these 
substrates at the velocities close to the critical velocities revealed that the adhesion areas 
were hardly formed at the particle/substrate interfaces by the near critical velocity impacts. 
 The microstructure observations of the deposited Al an Cu particles impacting these 
substrates at the sufficiently high particle velocities confirmed that the non-adhesion areas 
were remaining at the particle/substrate interfaces, although the adhesion areas tended to 
be getting larger. 
 These microstructure observations indicated that the imperfect adhesion might be one of 
the causes of low coating property in a cold sprayed metallic coating. 
 
In Chapter 4, in order to identify the most dominant factors on the particle deposition, 
contributions of the following four factors, bonding energy, rebound energy, plastic 
deformation amounts experienced by particle and substrate, and removability of the natural 
oxide film, to the deposition behaviors of both Al and Cu particles were investigated in detail. 
The main results obtained from this chapter can be summarized as follows: 
 In the case of Al particle impacting the Cu, Ni, Ti, and S15C substrates, similar bonding 
strength, rebound velocity evaluated at particle velocity of ~300 m/s, and plastic 
deformation amounts experienced by particle and substrate were confirmed. In contrast, 
the argon (Ar) sputtering time required for complete removal of the oxide films on the 
aforementioned substrates were significantly different from each other. The tendency of 
the sputtering time corresponded to that of the critical velocities. 
 In the case of Cu particle impacting the Ni, Ti, and S15C substrates, similar bonding 
strength, rebound velocity, and plastic deformation amounts experienced by particle and 
substrate were confirmed. In the same way as the Al particle, the tendency of the Ar 
sputtering times represent the removability of the oxide films on these three substrate 
materials corresponded to that of the critical velocities. These results strongly support that 
the removability of the natural oxide film is a predominant factor on particle deposition, 
although every factor contributes to the deposition. 
 The relatively low critical velocity of Al particle deposited on the Al substrate in spite of 
the low removability of the oxide film and high rebound velocity resulted from the 
moderate plastic deformations of both particle and substrate. 
157 
 
 The high removability of the oxide film, the low rebound velocity, and the moderate plastic 
deformations of both particle and substrate led to the lowest critical velocity of Cu particle 
deposited on the Cu substrate. 
 The Cu particle impacting the Al substrate was deposited mainly owing to the mechanical 
trapping. The non-adhesion of Cu particle impacting the Al substrate was attributed to the 
low removability of the oxide film, the high rebound velocity, and the insignificant plastic 
deformation of particle. 
 Based on these results obtained in Chapters 3 and 4, the two guidelines for improvement 
of cohesion strength between particles and adhesion strength between particles and a 
substrate in a cold sprayed metallic coating were given. 
 
In Chapter 5, in order to evaluate the effectiveness of pulsed direct electric current heat-
treatment (PDH) for cold sprayed metallic coatings, the microstructures, mechanical properties 
and electrical conductivities of cold sprayed Cu coatings treated by PDH and conventional 
annealing heat-treatment (AHT) were investigated. The following conclusions were drawn:  
 Macroscopic observations showed that the distribution of relatively large pores was hardly 
changed by either PDH or AHT, and microscopic observations indicated that the cohesion 
states between the particles in the cold sprayed Cu coatings were probably changed by PDH 
and AHT. 
 The crystal grain size distribution of the PDH specimens tended to shift to a larger crystal 
grain size than that of the AHT specimens treated at the same temperature. 
 As the heat-treatment temperature increased, the plastic strain in the specimens recovered 
significantly, which was more advanced in the PDH specimens. 
 At temperatures above 300°C, the hardness of the PDH and AHT specimens decreased, 
while the softening was more enhanced by the PDH than AHT. 
 The tensile strengths and ductility of the PDH specimens were more enhanced compared 
to the AHT specimens treated at the same temperature. Those of PDH400 and AHT500 
were improved to equal levels of bulk Cu. 
 Regardless of their comparable distributions of relatively large pores, crystal grain sizes, 
plastic strain distributions, hardness, and yield stress, PDH400 showed significantly higher 
tensile strength, ductility, furthermore, electrical conductivity than AHT450. In addition, 
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PDH400 had significantly higher yield stress than AHT500 in spite of their comparable 
tensile strengths and ductility. 
 These results strongly support that the PDH is more effective than AHT to improve the 
cohesion strength between the particles in the cold sprayed Cu coatings. The PDH is 
expected to become a practical post-heat-treatment method for cold sprayed metallic 
coatings. 
 
In summary, the most dominant factor on the critical velocities of pure Al and pure Cu 
particles having a diameter of 1 mm impacting five types of metallic substrates was the 
removability of the natural oxide films on the particles and the substrates. The deposition 
behaviors of actual cold sprayed particles are expected to depend more strongly on the 
removability of the oxide film because of the size effect. Therefore, we should focus on the 
activation of particle and substrate surfaces to achieve a high quality cold sprayed metallic 
coating, in particular, using low cost gas. Actually, the developed new post-heat-treatment 
method based on activation of particle surfaces and acceleration of diffusion by pulsed direct 
electric current could more effectively improve the mechanical property of cold sprayed Cu 
coating than conventional annealing heat-treatment. 
The results of this work will contribute to the commercial viability of cold sprayed metallic 
coatings as the preferred repairing technology in various industrial fields and to the more 
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